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SUMMARY 
Polymers containing ionic groups such as polyelectrolytes and polymerized ionic liquids 
are promising candidates for the design of organized ionically conductive media due to 
their controlled morphology, robust chemical and thermal stability, and single-ion 
conductivity. However, while polymerization of ionic groups affords electrolytes a greater 
degree of dimensional control, the effect of nonlinear chain architecture remains mostly an 
unexplored consideration, despite the unique functional group densities, chain 
conformations, counterion condensation, and dynamics of branched polymers. 
First, the stimuli-responsive interfacial assembly and tunable morphologies of star-shaped 
polyelectrolyte block-copolymers and polymerized ionic liquids in monolayers and 
multicomponent systems are examined. In the former case, a dual-responsive star-graft 
block-quarterpolymer with variable arm number, arm length, and grafting density are 
integrated into hydrogen-bonded multilayer films and their morphologies were evaluated 
in different environments using surface probe microscopy and neutron reflectivity. The 
results point toward the amphiphilicity endowed by the star-graft architecture as the chief 
factor controlling the temperature and pH-induced conformational changes which lead to 
the diverse star-like clustering at the molecular scale. Likewise, the surface organization of 
linear and star-shaped polymerized ionic liquids in monolayers and multilayers is 
compared under variable adsorption conditions for polymers with the different branching 
architectures. Both studies demonstrate how polyelectrolytes and polymerized ionic liquids 
with branched architecture assemble into multilayer films with variable porosity, thickness, 
and textured morphologies featuring compartmentalized internal structure that are 
remarkably distinct from traditional multilayer systems. 
The second part of this work focuses on the ion transport in polyelectrolytes comprised of 
star and hyperbranched polymerized ionic liquids. Long-chain arms were found to exhibit 
more sluggish and elastic dynamics at longer timescales while the glass transition 
temperature, rates of segmental relaxation, ion disassociation, and dc conductivity were 
similar regardless of the polymer architecture and arm length. But when polymerized ionic 
liquids are branched on a smaller scale, such as in the ionic liquid tethered macromolecules 
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consisting of both POSS and hyperbranched polyester cores, considerable shifts in the glass 
transition temperatures and conductivities were observed.  
This ability to control the ion mobility in polymerized ionic liquids near the Tg is critical 
for the development of solid-state electrolytes in which it is desirable to have high 
conductivities in the glassy state.  Overall, this dissertation provides an initial view of 
branched polymer electrolytes as uniquely versatile nanomaterials in the assembly of 
multifunctional polymer electrolytes with tunable morphologies and controlled ion 
transport properties.  
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CHAPTER 1. INTRODUCTION 
1.1 Motivation 
The growing demand for clean, affordable, and sustainable electrochemical energy storage 
and harvesting technologies has spurred great interest in new electrolyte materials with 
tunable properties and multifaceted functionality.1 Development of such materials is 
critical to meeting the requirements for new energy sources and storage devices with high 
energy density, long and stable cycle life, and low maintenance to be safely used not only 
in portable electronics, wearable devices, sensors, medical implants, and electric vehicles, 
but also in large-scale grid-energy storage systems and load-levelling for energy produced 
from intermittent renewable sources (e.g., wind and solar energy harvesting).2,3,4,5,6 Current 
electrolyte media are often based on organic liquids which have high conductivity (10-1 to 
10-3 S cm-1) but are toxic and flammable, possess a limited electrochemical stability 
window, are difficult to process and package, and are susceptible to leakage, degradation, 
and thermal runaway at high temperatures.7 
As a result, solid-state electrolytes have emerged as a promising alternative to the 
traditional fluid-based electrolytes. Inorganic solid electrolytes, for example, include 
amorphous glasses and crystalline ceramics such as the oxide-type, sulfide-type, and 
sodium superionic conductor materials.2 They are generally metal-based and tend to be 
brittle and expensive.5 These ionic conductors excel due to their large elastic moduli and 
good electrochemical stabilities which are necessary for preventing parasitic reactions 
(e.g., the growth of metallic dendrites) that lead to short-circuiting, rapid discharge, and 
other catastrophic failures.8,9 Moreover, these ceramic materials boast high conductivities 
comparable to those of organic liquid electrolytes. However, their inflexibility, 
hypersensitivity to moisture/oxygen, and issues concerning large volume changes and 
charge-transfer resistances at the rigid separator/electrode interfaces have precluded their 
wide-spread adoption in electrochemical devices.2,3 
In contrast, soft, viscoelastic electrolytes are light-weight, flexible, and more adaptable as 
electrode contacts; their compliant nature allows them to accommodate the large stresses 
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produced by the cyclic swelling and deswelling throughout electrochemical processes or 
during mechanical actuation.5,10 These solid-state electrolytes are composed of 
macromolecular or nanoparticle ‘building blocks’ whose interactions and correlations can 
be tailored synthetically, thereby allowing for the modular assembly of intricate 
microstructures with unique emergent properties. Polyelectrolytes are particularly 
interesting components in this regard due to the variability of their charged monomer 
chemistry, molecular weight, and chain architecture; adjusting these parameters enables 
the tuning of shear modulus, water retention, gas permeability, glass transition temperature, 
dielectric constant, and so on. Hence, polymer electrolytes have garnered considerable 
interest due to their convincing advantages as a light-weight, non-volatile, non-toxic, non-
flammable, flexible, and safer alternative to liquid electrolytes.11 But because ion dynamics 
are generally linked to the slow structural relaxation rates of covalently linked chains, the 
ion mobility and conductivity are greatly depressed in these materials (~10-6 S cm-1 for dry, 
single-ion conductors). 
A distinguishing feature of polymer materials, in contrast to traditional condensed matter, 
is that the characteristic length scales of polymer microstructures is quite large, giving rise 
to substantial response functions with multiple relevant timescales.12,13 The complexity of 
these novel soft materials requires extensive collaboration between synthetic chemistry, 
materials assembly and fabrication, and physical characterization in order to elucidate the 
connection between molecular structure, responsive assembly, morphology, dynamics, and 
phase states. A central objective is to understand how these relationships can be controlled 
to program the multifunctional properties of these emerging materials. Achieving this, a 
comprehensive approach to engineering polymer electrolytes can be understood in order to 
expedite the upcoming revolution in energy storage materials. 
1.2 Polymer Electrolytes: Physical Properties and Responsive Morphologies 
1.2.1 Polyelectrolytes 
Polyelectrolytes are polymers composed of ionizable repeat units (Figure 1.1).14,15,16 The 
unique properties exhibited by polyelectrolytes are due to the electrostatic effects of the 
ionic groups, which may exist in associated or dissociated states. As a result, the chain 
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conformations and properties of polyelectrolytes depend significantly on the ionization of 
repeat units, molecular charge, osmotic pressure, and the entropy of free counterions (or 
conversely, their association into ion pairs and larger aggregates)—in addition to the 
standard interactions governing the behavior of neutral polymers in solutions and melts, 
such as excluded volume and hydrogen-bonding interactions.15,17,18,19,20,21 
The extent to which the ions are dissociated in polyelectrolytes depends on both the ionic 
chemistry in addition to the polarity of the polymer medium.22 The Bjerrum length lB 
specifies the separation at which the electrostatic interaction between two ions is 
comparable to the thermal energy kT of the electrolyte. If the charge density is high enough 
such that the separation between ionizable groups is smaller than lB, counterions condense 
onto the polymer chain, thereby lowering the electrostatic energy of the polyelectrolyte at 
the cost of a smaller translational entropy of the counterions.23 The charge density can be 
varied, for example, by synthetically introducing neutral blocks or strongly dissociated 
polyelectrolyte groups in copolymers, or alternatively by adjusting the pH of 
polyelectrolytes consisting of weak acids and bases (Figure 1.1). 
Figure 1.1. Molecular structures of several example polyelectrolytes (top) and poly(ionic 
liquid)s (bottom). 
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Polyelectrolytes with low ion content are generally known as ionomers and possess 
characteristics typically found in thermoplastic elastomers wherein the association and 
dissociation of ionic groups form the basis of thermally reversible networks.24,25,26 As the 
ionic density increases, strongly associated ions can exist in a variety of condensed states, 
including ion pairs, quadrupoles, or larger ion aggregates. This can result in the segregation 
of a polar ion-rich or ionophilic phase from the nonpolar polymer phase.27 
The organization of these two phases can have a substantial impact on the physical 
properties of the polyelectrolyte. Intermolecular dipole-dipole associations and the 
presence of ion-rich aggregates reinforces the thermomechanical properties, for example, 
by increasing the melt viscosity, the elastic modulus, and/or the glass transition temperature 
Tg of the polyelectrolytes.
22 Moreover, the overlapping of polarizability volumes associated 
with ionic groups causes the electrostatic interactions and ion mobility to be more 
correlated to the segmental motions of the polymer chain while broadening the relaxation 
mode distribution.27,28 The charge density, ionic dissociation, and resulting morphologies 
thus have a significant impact on the viscoelasticity, glass transition, phase behavior, and 
ion transport in polyelectrolyte materials.24 
1.2.2 Polymerized Ionic Liquids 
Whereas typical molecular electrolytes consist of smaller ion salts that need to be dissolved 
in aqueous or organic solutions, ionic liquids (ILs) are organic/inorganic salts which are 
unique in that their large bulky ions tend to have delocalized charge and thus exhibit much 
weaker, non-directional coulombic interactions. As a result, ILs have lower energies of 
association and generally exist as disordered, concentrated electrolyte fluids at room 
temperature.6,29 Originally used as nonvolatile solvents in green chemistry due to their high 
polarity and solvating characteristics, ILs are now finding widespread use towards 
electrochemical applications as a result of their enhanced chemical and thermal stability, 
low flammability, low vapor pressure, high ionic charge density and conductivity, high 
catalytic activity, and diverse set of accessible chemical compositions with tunable 
basicity/acidity and polarity.30,31 
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Polymerized/polymeric ionic liquids or Poly(ionic liquid)s are an important subclass of 
ionic polymers that exploit IL chemistry in the repeat unit along the polymer chain, thereby 
leveraging the advantageous functional properties of ILs with the synthetic tunability, 
versatile and facile processability, and viscoelasticity of polymers.32,33,34,35 For example, 
polymerization of ILs produces a sharp increase in electroresponsivity of rheological 
fluids36, enhances the mechanical stability of gas separation membranes37, improves the 
anti-wear properties of lubricating greases38, and increases ionic dissociation and molar 
conductivity39. Furthermore, while most polyelectrolytes exist as glassy solids at room 
temperature, many PolyILs are distinct in that their weak, relatively non-directional 
coulombic attractions between the bulky ion-pairs typically depresses their glass transition 
temperature.32,35 
Due to the fact that one of the ions in the IL pair is tethered to the polymer chain, PolyILs 
are distinct from their molecular counterparts in that the mobility of one ion is promoted 
over that of its oppositely charged counterpart. This effect has profound consequences 
towards the polarization and flow of charge within the electrolyte medium. For example, 
immobilization of one of the charged species within a PolyIL results in a high transference 
number, uniform electric fields at electrode interfaces, and an enhanced electrochemical 
stability against metal electrodes thereby improving the cycling stability in batteries 
(Figure 1.2).40,41 In addition, when there is a large size disparity between each ion in the 
pair, the motion of the free counterion in response to an electric potential can generate 
internal stresses of a PolyIL film for actuation.42 In ionic thermoelectric materials, the sign 
and magnitude of the Seebeck coefficient is determined by which ion is free to respond to 
the applied thermal gradient.43 
1.2.3 Structure and Stimuli-Responsive Organization 
The structural complexity of the relatively large ions in ILs renders them amenable to a 
variety of intermolecular attractions ranging from the nondirectional, nonspecific van der 
Waals and solvophobic interactions to the stronger and more directional Coulombic, 
hydrogen bonding, and dipole-dipole forces.44 Together, these interactions promote the 
segregation of polar and nonpolar components as well as local arrangements into 
 6 
supramolecular clusters, hydrogen bonded networks, and micellar or bicontinuous 
morphologies. 
In some cases, polymerization can simply improve the mechanical properties while 
preserving the original IL morphology. Liquid crystal mesogens that contain IL moieties, 
for example, can first be assembled and then subsequently photopolymerized to produce 
stable anisotropic films with 1-D ion conductive channels.45,46 Alternatively, the covalent 
connectivity can add another layer of complexity to the association and morphology of 
hierarchical PolyIL assemblies. Yuan et al. reported PolyIL nanoparticles which not only 
possessed a highly ordered inner structure that could be tuned by the length of alkyl chains 
in the cationic pendant group, but also exhibited superstructural assembly into nanoworm 
mesostructures.47 
Figure 1.2. Advantages of single-ion conductivity. (a) The electrochemical sodium 
deposition in a traditional electrolyte results in pronounced metallic dendrites (top left) 
whereas the in-situ polymerization of ionic liquids at the electrode interface stabilizes the 
electrode interface (bottom left). A schematic drawing illustrates formation of the PolyIL 
film throughout the charging process (right).40 (b) The disparity in ion size and mobility in 
PolyILs produces mechanical actuation during the charging of the electric double layer.42 
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When the functional properties of ILs are integrated into PolyILs via polymerization, the 
resulting polymer chain can exhibit dramatic changes in conformation in response to 
external stimuli.29 In particular, the compositional diversity of ILs allows for a wide range 
of stimuli-responsive changes to PolyIL assemblies via counterion exchange. For example, 
exchanging a small water-soluble bromide in PolyILs with the large, organic 
bis(trifluoromethane)sulfonimide (TFSI) counteranion corresponds to a shift from 
hydrophilic to hydrophobic character and the formation of vesicles and micelles in aqueous 
solution.48 Exchanging the Br anions in achiral PolyILs with chiral amino acids triggers 
the transformation into double-helix bundles with chiroptical properties.49 Conversely, 
exposing PolyILs with fixed ions to different solvents can also facilitate the restructuring 
of their assembled morphologies.48 Block copolymers subjected to solvent exchange can 
yield even more complex microstructures, such as bicontinuous cubosomes (Figure 1.3).50 
Furthermore, application of an external field such as an electric potential to PolyIL films 
can result in mechanical actuation and/or unique electrowetting effects wherein the 
hydrophobicity of the surface is reversibly tuned.42,51 Of course, PolyILs can be responsive 
to more than one stimuli at once: hydrogels composed of PolyILs with alternating ferrocene 
units and tetraalkylphosphonium sulfonate pendants are redox-active and possess a lower 
critical solution temperature (LCST) with unusual hysteretic volume-phase transitions that 
Figure 1.3. (a) Schematic illustration of the self-assembly of cubosomes from a PolyIL 
block copolymer upon the solvent exchange to aqueous solution. (b) Electron microscopy 
of the bicontinuous morphology.50 
 
 8 
are potentially useful towards thermal memory applications.52 In addition to solvent53 and 
temperature54, materials based on PolyIL are also known to be responsive to pH55,56,57, 
light58 , and CO2
59. 
1.2.4 Viscoelasticity and Ion Transport 
Ion transport is not only relevant towards the operation of batteries and other energy storage 
and harvesting devices, but also governs the behavior of electrolyte materials in sensors, 
actuators, and others. When a static electric field is applied to a polymer electrolyte, the 
free ions will migrate and contribute to the direct current conductivity σdc: 
𝜎𝑑𝑐 = ∑ 𝑐𝑖𝜇𝑖|𝑞𝑖|
𝑛
𝑖=1   (1.1) 
where ci, µi, and |qi| are the effective concentration of free charge carriers, ionic mobility, 
and magnitude of charge for each conducting species i. For diffusion-controlled 




  (1.2) 
where T is the absolute temperature and Di is the diffusion coefficient. In Equation 1.1, the 
transport of both positive and negative charges contributes to the conductivity. In most 
practical applications, only the motions of one charge carrier are of interest. To distinguish 
the contribution of the charge carrier of interest, the ratio of the current carried by this 








  (1.3) 
Because structural relaxations “freeze” when polymers melts are cooled to their Tg, there 
has been considerable interest in understanding the coupling—or lack thereof—between 
structural/segmental and ion conductivity relaxation times (τα and τdc, respectively) in 
polyelectrolytes and PolyILs (Figure 1.4).7,12,60,61,62,63,64,65,66,67 This question has important 
implications on transport: the conductivity will drop dramatically at lower temperatures in 
coupled systems because the segmental motions governing ionic mobility are frozen-out in 
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the glassy solid. In contrast, the mobility of ions surpasses the structural motion of the 
polymer matrix in decoupled systems, potentially allowing for fast transport in room 
temperature solid-state electrolytes. 
The ion transport in many traditional polymer-based electrolytes is coupled to the structural 
motions of the conducting media.68 In such cases, the time corresponding to the onset of 
long-range ion diffusion will increase (σdc decreases) exponentially as the system 
temperature approaches some finite T0, known as the Vogel temperature. σdc and τdc are 
usually related to T by the Vogel-Fulcher-Tammann (VFT) equations: 
𝜏dc =  𝜏0 exp (
𝐷𝑇0
𝑇−𝑇0
)  (1.4) 
𝜎dc =  𝜎0 exp (
−𝐷𝑇0
𝑇−𝑇0
)  (1.5) 
Figure 1.4. The conductivity and structural relaxation times τdc and τα are obtained from 
dielectric (a) and mechanical (b) measurements, respectively.  In dynamically decoupled 
systems (c), there is a transition in τdc from VFT to Arrhenius T-dependence at Tg. For 




where τ0 and σ0 are the time constant and conductivity in the high temperature limit, and D 
is a material-specific strength parameter inversely related to the dynamic fragility.69 Note 
that Equation 1.5 predicts a divergence in the conductivity at T = T0, which is not 
representative of the behavior of real electrolytes. Alternatively, in ion motions exhibiting 
a temperature “activated” transport mechanism that is decoupled from the structural 
relaxation of the electrolyte, τdc and σdc are given by their respective Arrhenius equations: 
𝜏dc = 𝜏𝑜 exp
𝐸a
𝑇
  (1.6) 
𝜎dc = 𝜎𝑜 exp
−𝐸a
𝑇
  (1.7) 
where Ea is the activation energy of the process. 
Flexible, ‘strong’ glass-formers such as Li+ conducting poly(ethylene oxide) (PEO) are 
good examples of coupled systems.68  Additionally, most aprotic ILs are coupled at high 
temperatures61,70 and show a weak decoupling of self-diffusion from structural dynamics 
at lower temperatures closer to the glass transition.71 On the other hand, systems possessing 
a conductivity which is strongly decoupled from the structural relaxation of the molecular 
framework include rigid/fragile polyelectrolytes, some protic ILs, and PolyILs. Ion 
transport in such cases tends to be described by an ion dissociation/rearrangement and 
intra-/intermolecular hopping mechanism.63 These electrolytes are typified by a 
pronounced transition in their temperature-dependent conductivity from VFT (super-
Arrhenius) to Arrhenius character (Figure 1.4).61,72,73,74 
The significance of the latter group of electrolytes is in their potential to demonstrate high 
conductivities at low temperatures. This is emphasized in a double logarithmic plot of the 
molar conductivity vs. the rate of segmental motion (the modified Walden plot, Figure 
1.5a).72,73 In the so-called superionic regime, the ion diffusion is considerably faster than 
the rate of segmental relaxation, especially at lower temperatures. Subtle changes in the 
polymer structures, such as increasing the flexible pendant groups, molecular weight, or 
multivalent ion concentration are enough to transform the system dynamics from coupled 
to decoupled.65,72,73 The advantage of designing electrolytes with decoupled dynamics is 
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the possibility of improving σdc while simultaneously reinforcing the mechanical properties 
(Figure 1.5b).  
1.3 Branched Multifunctional Polymers 
1.3.1 Nonlinear Polymer Architectures 
Polymerization covalently connects monomers into long chains and imparts viscoelasticity 
and other emerging properties in the melt. To further tune these properties, synthetic 
chemists have explored polymer backbone configurations beyond that of linear chains. 
Given the importance of free ion concentrations and the coupling/decoupling of 
conductivity and structural relaxations, nonlinear polymer topologies are interesting due to 
their anomalous packing, free volume, tunable glass transition, and ion 
confinement.75,76,77,78,79,80 Hierarchical control is established by integrating charged 
monomers into complex architectures in which different branches, arms, blocks within 
arms, grafts, and terminal groups can express different functionalities.14,81,82,83 As recent 
advances in polymer chemistry have led to the synthesis of both homogenous and 
heterogeneous hyperbranched84,85,86, star87,88,89,90,91, dendritic92, tadpole and barbell-shaped 
cyclic93, pearl-necklace94, and other multiblock compartmentalized comb/graft brush 
polymers14,95,96,97,98, precise control over the configuration, composition, and architecture 
Figure 1.5. Aspects of decoupled single-ion conducting PolyILs. (a) A modified Walden 
plot for ILs and PILs with different molecular weights. PolyILs show positive deviations 
in the superionic regime.73 (b) Incorporation of trivalent counterions promote decoupled 
ion conduction with a simultaneously “reinforced modulus”.65  
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of polymers is now a feasible and promising approach to optimizing structure-property 
relationships of these materials (Figure 1.6).14,99,100 
As the ratio of arm number to arm molecular weight f/MWarm increases, a branched 
macromolecule behaves less like a tenuous coil or rod and more like a soft, deformable 
particle.82,101,102,103,104,105 Moreover, highly branched macromolecules exhibit distinct 
packing and chemical properties due to the high concentration of functional terminal 
groups confined within their compact shape combined with a low level of 
entanglements.106,107 In particular, the density of functional groups, chain tension, and 
excluded volume are amplified near branch points.76,108,109 In addition, branching 
introduces intramolecular dynamic heterogeneity in the form of strong segmental 
confinement at the branch point (nodes).110,111,112 A high degree of branching imparts a 
three-dimensional architecture which can result in a lower viscosity in solution or in the 
molten state. 92 
The crowded monomer packing increases the energy gain upon adsorption to non-repulsive 
interfaces whereas the inherently stretched arm conformations minimize the associated 
entropic penalty. These features are responsible for promoting the migration of branched 
Figure 1.6. Examples of branched polyelectrolytes and their self-organization into 
nanostructures.14 
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polymers to external interfaces—even in the case of repulsive monomer-surface 
interactions—thereby locally altering the morphology, phase separation, and aging 
behavior.75,113,114,115 This can lead to a decrease in the free volume at interfaces and hence 
slower dynamics—the opposite effect of what would be expected for linear chains (Figure 
1.7).104,110 Nonlinear architectures therefore promote surface confinement effects in 
addition to accommodating efficient packing densities. 
In the case of star polyelectrolytes, electrostatic forces introduce a strong counterion 
confinement (i.e. counterion condensation) effect that increases the osmotic pressure of the 
swollen molecular interior.76,101,102 An entropic repulsion develops which limits the 
aggregation behavior as the molecules pack into more concentrated environments. 
Accordingly, substituting the counterions with multivalent ions can reduce the osmotic 
pressure and collapse the charged arms.116,117 In block copolymer electrolytes, this 
manifests in block-specific swelling and the compartmentalization of hydrophilic and 
hydrophobic regions in the self-assembled structures which mimic the complexity of self-
ordered systems in nature.95 Among the notable assembled morphologies are nanoscale 
soft, patchy particles and unimolecular micelles in addition to their hierarchical microscale 
Figure 1.7. (a) Star polymers in thin films exhibit an increase in Tg relative to the bulk 
state.78 (b) Excluded volume repulsions guide the self-organization of stars into highly 
stratified layers across the film.79 (d) The colloidal assembly of highly branched stars 
as functional nanoparticles generates compartmentalized microstructures.80 
 14 
and macroscale cylinders, vesicles, and interconnected, dendritic worm-like micellar 
morphologies.118,119,120 
Furthermore, the peculiar assembly behavior of branched polymers are known to result in 
a wide range of unique properties. For instance, the supramolecular assembly of 
hyperbranched polytriphenylmethanols into micelles and compound micelles results in the 
restricted intramolecular rotation of phenyl groups, thereby allowing for unique 
aggregation-induced emission with tunable intensity and emission colors beyond that 
achieved from the linear triphenylmethanol polymer.85 Dendronized wedge polymers 
which adopt cylindrical conformations have been reported to phase separate, producing 
two distinct glass transition temperatures.121 These examples demonstrate how intra- and 
intermolecular density, configurational entropy, chain rigidity, etc. can be tuned in order 
to control the conformation, association, vitrification, and dynamics of branched polymer 
electrolytes in the melt and at interfaces—without changing the monomer or substrate 
chemistries.  
1.4 Emerging Broader Applications 
Traditional molecular electrolytes face challenging hurdles in their integration into 
multifunctional materials due to complications associated with processing, packaging, and 
operation in the liquid state.29 On the other hand, ionic polymers with nonlinear molecular 
architectures such as branched PolyILs are promising materials for the fabrication of ion-
conductive membranes and solid-state electrolytes since they combine tunable viscoelastic 
properties with the intrinsic functional advantages of ionic liquids such as high chemical 
stability, low vapor pressure, nonflammability, and fast ion transport. Branched polymer 
electrolytes are not only anticipated to be able to assemble into a distinct, responsive 
morphologies, but the corresponding effect of nonlinear topologies on ionic conductivity 
in traditional salt-in-polymer electrolytes can be dramatic.122,123 Hence, tuning the balance 
of interactions in branched polymer electrolytes is a viable route to achieving solid-state, 
nanostructured electrolytes with appreciable conductivity. As discussed above, this has 
immediate applications towards the ion-conducting media for more stable batteries, dye-
sensitized solar cells, fuel cells, and thermoelectrics.7,124,125 
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However, tuning the ionic interactions and aggregated morphologies of PolyIL has other 
far-reaching implications beyond ion transport. For instance, tuning the alkyl spacer length 
within imidazolium-based PolyILs was demonstrated to influence the organization of 
nanoscale structural heterogeneity arising from the arrangement of ion clusters, which can 
be controlled to mitigate shockwave energy for impact-absorbing materials.126 An example 
of how polymerization of ILs increases their processability and functionality is 
demonstrated in their implementation as 4D printing materials wherein PolyILs are 3D 
printed into smart materials whose shape can be further augmented in the presence of 
external stimuli.127 Other responsive behavior of branched polymer electrolytes can find 
use in programmable dispersants for nanoparticles128, stabilizing agents in nanoinks for 
scalable 3D printing129, and switchable antifouling surfaces130. 
The catalytic activity and chemical affinity of the IL groups and controlled morphology of 
their polymerized forms have a myriad of important uses. For example, the synergistic 
effects of catalytic activity and the salting-out effect (phase separation) of PolyILs has been 
successfully exploited to accelerate the crystallization of open organic materials such as 
covalent organic frameworks131. Similarly, IL functionality in polymers has also found use 
in metal-free membranes for the capture and conversion of CO2 emissions
132, recyclable 
materials for absorbing toxic heavy metal ions133, gas separation membranes134, 
heterogeneous nanocatalysts capable of realizing selective reactions in response to 
temperature change135, biocompatible membranes with antimicrobial activities136, and 
photothermal desalination materials137. Other applications arising from the extensive 
processing, shaping, and morphology control PolyILs have been demonstrated in 
electrosopun fibers and mats for carbonaceous frameworks138, supramolecular 
photosensitive films139, the stabilization of high-capacity supercapacitors140, 
environmentally friendly agricultural additives141, and many others.32, 33, 34, 142, 143  
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CHAPTER 2. RESEARCH GOALS AND OVERVIEW 
While branched polymers have exhibited intriguing thermomechanical properties and 
some architectural control over ion transport, little has been reported regarding star PolyILs 
with controlled arm length and the effects of the associated counterion confinement and 
entropic repulsions on electrolyte properties. Moreover, systematic approaches focused on 
unraveling the influence of branched polymer architecture on the molecular assembly and 
phase separation as well as on the mechanics and ion conductivity unique to dendrimer and 
hyperbranched polymers is still lacking. This highlights the need for a more integrative 
approach that starts at the architectural and functional design of the polymer building 
blocks and guides their self-organization into high-performance electrolytes by 
systematically tailoring their interactions to control charge transport.  
2.1 Primary Objectives 
The overarching goals of the work in this dissertation is twofold. First, it aims to unravel 
the role of molecular architecture and functional composition on the molecular interactions 
and interfacial organization of star-shaped polyelectrolytes and polymerized ionic liquids 
as mediated by external stimuli and spatial confinement. In particular, special attention is 
given to the effects of arm composition and length, arm number, and type of branching 
architecture of the multicomponent branched macromolecules on their global and local 
conformations and configurations, microphase state and molecular/ionic aggregation. 
These results are used to understand the self-assembly of branched macromolecules to 
higher-order nanomaterials by way of electrostatic and hydrophobic interactions, hydrogen 
bonding, osmotic pressure, microphase separation, and terminal group anchoring on 
uniform and heterogeneous surfaces. Then, morphology and stimuli-responsive behavior 
for the hydrophilic, hydrophobic, and amphiphilic branched polymers (e.g., to pH, 
temperature, and ion exchange) and the corresponding phase transitions at different 
interfaces, in unimolecular and aggregated micellar/vesicle states, and in hierarchical 
compartmentalized structures for highly functional membranes are investigated. Studies 
will differentiate the conformations, phase states, and responsive microstructures 
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assembled from the nonlinear polyelectrolytes and PolyILs from those of traditional linear 
polymers.  
Secondly, the research evaluates the dynamic properties of branched ionic polymers as the 
active building blocks in polymer electrolytes, analyzing the mechanical and dielectric 
behavior in order to draw conclusions regarding the free volume, local/percolating 
mobility, and ion association in branched polymer electrolytes. Linear, star, and 
hyperbranched compounds are investigated in conjunction to arm length, branching 
generation, terminal group density, and ion chemistry with the aim of reconciling 
molecular architectures/functionality and tunable physical properties for controlling the 
coupling/decoupling of ion motions from structural relaxations and understanding the 
associated molecular-level transport mechanisms. 
In short, this study evaluates global material properties by ascertaining the behavior of 
individual macromolecules and their “specialized” blocks, the same macromolecules in 
limited aggregated state and under influence of different interfacial factors, and finally, in 
their condensed state in the form of electrolyte films. The results are used to make 
conclusions on how polymer electrolytes can be synthetically tuned to achieve particular 
morphologies and dynamic properties. In this regard, the principles of organization for 
multifunctional branched polyelectrolyte and polymeric ionic liquids are developed in 
order to outline a new approach to engineering prospective electrolyte materials tailored 
for energy harvesting and storage, controlled delivery materials, chemical microreactors, 
smart surfaces, actuators, sensors, ion-exchange membranes, and so on. 
2.2 Organization and Composition of Dissertation 
Chapter 1 provides a critical review of polymer electrolytes, emphasizing first the issues 
and pressing demands of the field which motivate the research constituting this PhD work. 
In this overview, traditional electrolyte chemistries are compared to the emerging class of 
polymerized ionic liquids, with special attention given to their guided molecular assembly, 
stimuli-responsive morphologies, viscoelasticity, and ion transport. Branched polymer 
architectures are then introduced as a route to modifying these important properties. Lastly, 
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a wide range of emerging applications for branched polymer electrolytes is discussed, 
linking back to the motivation of the work in this dissertation. 
Chapter 2 outlines the principal objectives of this dissertation in conjunction to the tasks 
undertaken to address these points.  In addition, the content and general organization of the 
dissertation is briefly described in the context of two main parts: (1) the stimuli-responsive 
assembly of star-graft polyelectrolytes and star PolyILs and (2) the viscoelasticity and ion 
transport of star and hyperbranched PolyILs. 
Chapter 3 introduces the synthesis, molecular structure, and other related characteristics 
of the branched polymer electrolytes that are used throughout this work. This chapter then 
summarizes the general polymer processing and assembly techniques used in sample 
preparation, as well as the main characterization tools that are employed in examining the 
structural, thermomechanical, and dynamic properties of the samples. 
Chapter 4 reports the integration of heteroarm star-graft block-quarterpolymers with pH-
sensitive weak polycationic/polyanionic arms and grafted thermo-responsive outer chains 
into hydrogen-bonded multilayers whose morphologies are distinct from those in 
traditional layer-by-layer assemblies. In-situ neutron reflectivity demonstrates how the 
block-specific swelling promotes heterogeneous partitioning of hydrophobic and 
hydrophilic reservoirs within the interior of the swollen multilayers. The discussion 
highlights the importance of molecular architecture and amphiphilicity balance in 
governing the aggregation of these functional “soft nanoparticles” into star clusters and 
how this internal reorganization and film swelling is regulated via solution pH and 
temperature. These hierarchically-structured dual-responsive films possessing tunable 
charge, porosity, and localized water retention/swelling expand the prospective capabilities 
of responsive hydrogen-bonded multilayers for targeted separations, programmable 
encapsulation/release, and ion transport. 
Chapter 5 presents the surface organization of a PolyIL comprised of the 
imidazolium/bis(trifluoromethane)sulfonimide ionic liquid pair polymerized into distinct 
architectures and different molecular weights. Due to the mixed polar and hydrophobic 
interactions of the PolyIL, its assembly at the air-water and air-solid interfaces is first 
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investigated via the formation of Langmuir monolayers and their subsequent Langmuir-
Blodgett deposition.  Secondly, the PolyIL is alternatively and sequentially co-assembled 
with poly(styrene sulfonate) via layer-by-layer assembly into unconventional multilayer 
films. The stimuli-responsive surface morphologies are evaluated in conjunction to 
macromolecular structure, adsorption conditions, and post-assembly treatment of the 
monolayers and multilayers. The discussion emphasizes the importance of both the ionic 
liquid counterion and branching architectures in guiding the assembly of films with 
variable porosity, thickness, and textured morphologies. The PolyIL assemblies explored 
in this study are relevant to the design of sophisticated coatings and nanostructured 
membranes with dynamically controllable permeability, encapsulation, and transport 
properties. 
Chapter 6 reports the viscoelastic and dielectric response of the linear and star-shaped 
PolyILs examined in Chapter 5 over a broad range of frequencies and temperatures and the 
results are evaluated in connection to the polymer architecture and morphology. At longer 
timescales, the arm dynamics of star PolyILs are demonstrated to be more sluggish and 
elastic relative to linear chains of comparable size. Yet at shorter timescales, long-chain 
branching is shown to have only secondary, more nuanced effects on the segmental and 
ion motions. Even so, all PolyILs ultimately exhibit nearly identical rates of segmental 
relaxation, ion disassociation, and dc conductivity over the investigated temperature range, 
regardless of polymer architecture. This study thus demonstrates how the disparity between 
chain, segmental, and ion dynamics in branched PolyILs can be exploited in the assembly 
of functional polymer electrolyte materials with divergent morphologies and controlled 
viscoelasticity properties, both of which can be tuned independently of ion transport. 
Chapter 7 expands upon chapter 6 by investigating a series of relatively smaller IL-based 
macromolecules with greater degrees of branching in regards to their dynamic properties 
and ion transport characteristics. Linear poly(ethylene oxide), hyperbranched polyester, 
and polyhedral oligomeric silsesquioxane core structures are functionalized with a variety 
of protic and aprotic IL chemistries and are examined to discern the influence of chain 
topology, core rigidity, and ion-pair interaction on the functional properties in the molten 
and glassy states. PolyILs with rigid, inorganic cores possess the highest glass transition 
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temperatures and lowest conductivities whereas those with the more flexible polyester 
cores have lower Tgs and faster ion transport. The decoupling of ion dynamics from the 
segmental process is evaluated based on the conductivity at the glass transition temperature 
σdc(Tg), which shows the general significance of ion-pair interactions: functional groups 
comprised of ILs with highly directional electrostatic or hydrogen-bonding attractions 
exhibit ion transport that is more correlated to the segmental motions while pairs exhibiting 
weaker attractions resulted in more decoupled ion-segmental dynamics. Furthermore, the 
PolyIL branching and core structure had considerable effects on the dynamic behavior 
depending on the IL chemistry. Compounds with aprotic counterions show an increasing 
σdc(Tg) with decreasing degree of architectural branching whereas the opposite trend is 
observed in the protic counterparts. It is concluded that nonlinear molecular architectures 
have a significant effect on ion-pair interactions and charge transport, which has 
implications towards tuning the dynamic properties of polymeric/oligomeric ILs in solid 
polymer electrolytes for advanced electrochemical applications. 
Chapter 8 summarizes the major results and conclusions from the studies performed in 
this dissertation and describes the broader significance and generality of these findings in 
relationship to the larger research community. Finally, suggested areas of research for 
further studies on branched polymer electrolytes are proposed for maximizing their 
potential in emerging applications. A number of unresolved issues and open questions 




CHAPTER 3. MATERIALS AND EXPERIMENTAL METHODS 
3.1 Materials: Chemical Composition and Molecular Architecture 
3.1.1 Star Block Quarterpolymers 
Heteroarm star-graft block-copolymers with polyampholyte character were synthesized by 
Prof. Constantinos Tsitsilianis et al. (University of Patras, Greece) via a multi-step, 
sequential anionic living polymerization procedure (Scheme 3.1).96 In short, PSn(P2VP-b-
PAA)n star precursors were synthesized first via a multistep living anionic polymerization 
of PSn(P2VP-b-PtBA)n, comprising a tightly crosslinked poly(divinylbenzene) core in the 
first pot, followed by the acid hydrolysis of the tert-butyl acrylate blocks in a second pot.144 
In the final pot, PNIPAM-NH2 chains were then grafted in basic conditions to the 
neutralized PAA blocks and the final product was recovered from freeze drying after 
dialysis to remove ungrafted PNIPAM chains.  Samples were extracted for characterization 
at every step of the synthetic procedure to ensure that polymers exhibited well-defined 
molecular characteristics. Three different topologies include: SG2, SG3, and SG4 (Scheme 
3.1, Table 3.1).  
 
Scheme 3.1. [PSn(P2VP-b-PAA-g-PNIPAM)n] star graft topologies corresponding to 
the SG2 (a), SG3 (b), and SG4 (c) polymers with the responsive blocks. 
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Table 3.1 Molecular Characteristics of the PSn(P2VP-b-PAA-g-PNIPAM)n Star Polymers 
a S: PS, V: P2VP, A: PAA, (in parenthesis the degree of polymerization of each block) and N: PNIPAM, 
DPn=48, b by light scattering of PSn star precursor, c by light scattering of heteroarm star PSn(P2VP-PtBA)n 
and assuming quantitative deprotection of tBA moities, d calculated from Mw of PSn(P2VP-PAA)n precursor 














SG2 S(33)9 (V(126)-b-A(69)-g-N4.5)9 9.2 199000 426194 4.49 0.53 
SG3 S(33)9 (V(126)-b-A(69)-g-N11)9 9.2 199000 759648 11.08 0.74 
SG4 S(34)22(V(136)-b-A(119)-g-N4)22 21.7 572000 1049400 4 0.45 
The amphiphilic block copolymers examined here possess two types of arms: one arm is 
hydrophobic polystyrene (PS) and the other arm is a block copolymer of cationic poly(2-
vinylpyridine) (P2VP) followed by anionic poly(acrylic acid) (PAA) with grafted poly(N-
isopropylacrylamide) (PNIPAM) outer chains PSn(P2VP-b-PAA-g-PNIPAM)n with n = 9 
or 22 (Scheme 3.1).  The grafted PNIPAM chains are thermally responsive with an LCST 
around 31-34 °C.96,145,146 
3.1.2 Linear and Star Polymerized Ionic Liquids 
The linear and star poly(VBBI+TFSI-) PolyILs were synthesized by Prof. Krzysztof 
Matyjaszewski et al. (Carnegie Mellon University) using atom transfer radical 
polymerization (ATRP) and characterized by gel permeation chromatography (GPC), as 
described in a previously published procedure (Scheme 3.2).147,148,149 Fourteen PolyIL arms 
were linked together by a β-cyclodextrin-14Br (BCD) initiator, which was synthesized 
according to previously published procedures150; the number of arms was held constant 
whereas the degree of polymerization (DP) and hence number average molecular weight 
(Mn) was varied, with an accompanying change in dispersity (D). DP was determined from 
NMR whereas Mn was determined from GPC (Table 3.2). For star molecules, the 
theoretical molecular weight is higher than the Mn ascertained by GPC using linear PS 





Table 3.2 Molecular characteristics of the linear and star poly(VBBI+TFSI-)s.  
a From NMR. Narm = N for the linear PIL76. b From GPC. 
sample f Narm a MW b PDI b 
PIL76 NA 76 39 900 1.22 
SPIL60 14 60 54 900 1.42 
SPIL89 14 89 65 300 1.54 
SPIL127 14 127 71 600 2.07 
3.1.3 Hyperbranched Oligomeric Ionic Liquids 
Hyperbranched oligomeric ionic liquids were synthesized by Prof. Valery Shevchenko et 
al. (National Academy of Sciences of Ukraine) with both hyperbranched polyester (HBP) 
and polyhedral oligomeric silsesquioxane (POSS) cores (Scheme 3.3). 
Scheme 3.2 Synthesis of the β-CD-Br14 initiator (a) and molecular structure of 
poly(VBBI+TFSI-) PolyIL with linear (b) and star (c) architectures. 
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3.2 Polymer Assembly and Processing 
3.2.1 Substrate Preparation 
Freshly-cleaned silicon substrates were cut into dimensions of 1 cm x 2 cm in the [100] 
orientation (Semiconductor Processing). All substrates were cleaned with piranha solution 
(2:1 concentrated sulfuric acid to hydrogen peroxide mixture) for 1 h according to the usual 
procedure (caution: strong oxidizer!).152 Substrates were then thoroughly rinsed with 
deionized water (Nanopure-Barnstead, ≥18.2 MΩ cm) and dried with a dry nitrogen 
stream. The treated Si wafers served as hydrophilic planar substrates for film deposition 
with a native oxide layer of ~1.9-2.0 nm. 
Scheme 3.3 Molecular models of (a) rigid, POSS-based cores and (b) flexible, HBP 
cores shown alongside diagrams of their different functionalizations. For comparison, 
linear oligomeric ionic liquids (c) are also synthesized. 
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3.2.2 Langmuir-Blodgett (LB) and Monolayer Films 
The Langmuir-Blodgett method is an ideal characterization and nanofabrication technique 
for studying the surface interactions of amphiphilic molecules assembled at the air-water 
interface by measuring their surface tension of the confined monolayers in the two 
dimensional gaseous, liquid-expanded, liquid-condensed, and solid phases.153,154 
Furthermore, by immersing a solid substrate into the subphase (e.g., pretreated Si 
substrates), it is possible to transfer the interfacial monolayer into a well-defined 
monolayers with molecular precision at the solid-air interface. 
Pressure-area (π-A) isotherms of the amphiphilic polyelectrolytes were collected at the air-
water interface using a KSV2000 minitrough equipped with a Wilhelmy plate according to 
standard procedure.155 Deionized water was used as the subphase for all isotherm 
measurements and film depositions. Sample solutions were prepared with a concentration 
of 0.2 mg/mL and dispersed uniformly onto the surface of deionized water in the 
minitrough in a dropwise fashion. The Langmuir monolayers were then left undisturbed 
for 30 minutes in order to let them equilibrate and allow the solvent to evaporate, after 
which they were compressed at a rate of 5 mm/min up until the minimum barrier separation 
distance (for π-A isotherms) or to the target pressure (for LB monolayer deposition). For 
compression-decompression hysteresis isotherms, monolayers were compressed to the 
maximum pressure before collapse, and then expanded to maximum trough area; three 
consecutive compression/expansion cycles were repeated. 
3.2.3 Multilayer Thin Films 
Layer-by-layer (LbL) assembly involves the cyclical adsorption of two or more materials 
into physically-bonded multilayer nanofilms.156,157,158,159,160 The driving-forces directing 
the multilayer assembly can involve a diverse range of interactions, including electrostatic, 
hydrogen-bonding, hydrophobic, host-guest, among others. For example, electrostatic LbL 
self-assembly of polyelectrolyte multilayers (PEMs) involves the sequential and alternative 
absorption of oppositely charged polyelectrolytes onto a solid substrate, typically 
accompanied by an associated charge compensation and reversal for each deposited layer.  
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LbL self-assembly involves the sequential and alternative absorption of oppositely charged 
polyelectrolytes onto a solid substrate, typically accompanied by an associated charge 
compensation and reversal for each deposited layer.161, 162, 163 Traditionally, LbL 
components are deposited by repeatedly dipping the substrate into the two or more 
component solutions; however, they can also be deposited by spin-assisted LbL assembly 
(SA-LbL) to induce highly ordered internal structure and drastically reduce the assembly 
time.164, 165 
3.3 Characterization of Morphology and Physical Properties 
3.3.1 Structure 
Atomic Force Microscopy (AFM) 
Surface morphology was examined using an AFM in the “light” tapping mode both in the 
dry state and in a fluid cell adjusted to various pH values using standard 8 nm n-type silicon 
tips according to well-established procedures.166,167 For scanning in air, cantilevers had a 
force constant in the range of ~3-16 N/m (resonant frequency 115-200 kHz). The scanning 
speed was maintained in the range of 0.5-1.0 Hz for all scan sizes. For fluid topography 
scans, more compliant cantilevers were used to measure the hydrated membranes. In this 
case, spring constants ranged from 0.1-0.4 N/m (resonant frequency 15-18 kHz). Scanning 
speed was reduced to 0.3-0.5 Hz. The reported surface roughness Rq corresponds to the 
root-mean-square height deviation taken from the mean image plane calculated from 1 x 1 
µm2 scan areas. Rq values are determined from averaging at least 5 independent scan areas. 
Multilayer thicknesses were determined from AFM via scratch tests. 
Spectroscopic Ellipsometry (SE) 
Film thicknesses were obtained in the dry state and using a fluid cell for in-situ swelling 
experiments using a Woollam M-2000 U spectroscopic ellipsometer (SE) with WVASE32 
analysis software. Unless otherwise stated, measurements are collected at three separate 
angles of incidence. The detected amplitude and phase shift are analyzed using a single 
Cauchy layer to simulate the optical properties of the polymer films. Nonlinear fitting of 
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the optical model to the experimental data is used to estimate the thickness. The procedure 
is repeated on multiple independent locations to acquire the average film thickness. 
Neutron Reflectivity (NR) 
The internal molecular organization of multilayer thin films were probed using neutron 
reflectivity measurements, which were carried out using the Liquids Reflectometer at Oak 
Ridge National Laboratory’s Spallation Neutron Source.168 The key advantage of using 
fluid-cell NR is the ability to nondestructively resolve film internal structure while 
applying multiple external stimuli.  In a reflectivity measurement, the wave vector transfer 
Q is defined as the difference between the incident and reflected neutron propagation 
vectors (ki and ko). Q has a magnitude 4πsin(θ)/λ, where θ and λ are the incident scattering 
angle and neutron wavelength respectively (Figure 3.1). 
In specular reflectivity, Q is oriented parallel to the surface normal (defined here as the z 
direction), and thus probes the laterally averaged (x, y) variation of scattering length density 
(SLD) ρ(z) throughout the thickness of the film. In the kinematic approximation, the 
reflectivity is given by the square of the Fourier transform of the real-space SLD gradient: 
Figure 3.1. Picture of the liquids reflectometer cell and the corresponding schematic of 
the scattering geometry employed for specular neutron reflectivity. Incident neutrons 
are transmitted through the substrate (top silicon plate) and reflected at the coated 
interface from the silicon side. 
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where RF(Q) ~ Q 
-4 is the Fresnel reflectivity of the bare Si-fluid interface.169,170,171 Regions 
of high contrast (large dρ(z)/dz) arising from the film/fluid interface are therefore easily 
distinguished in this technique. In practice, R(Q) is computed by an exact optical treatment 
which considers the reflection and transmission coefficients for the neutron wavefunction 
in stratified media.172 
Specular reflectivity measurements were performed using collimated beams incident onto 
films in air and in contact with D2O-based buffer solutions. For the in-situ fluid cell 
measurements, the incident beam passes through the Si substrate and reflects from the 
solid-liquid interface. Specular reflectivity data were collected using a sequence of seven 
incident angles (θ) and 3.3-Å-broad wavelength (λ) bands, spanning 0.008 Å-1 < Q < 0.017 
Å-1. The relative resolution, (dQ/Q ~ dθ/θ), was held constant at 2.3% to allow seamless 
assembly of a single R vs. Q data set and to maintain a constant illuminated beam footprint 
on the sample. For some samples, the rapid decay of reflectivity with Q caused the reflected 
intensity to become negligible for Q < 0.17 Å-1. In these instances, the data were truncated 
at the wave vector transfer where the reflected intensity became indistinguishable from the 
background scattering (R < 10-6). 
The fluid cell pH was adjusted analogously to the in-situ SE measurements, flushing 
several volumes for each aqueous condition and allowing ~30 minutes of equilibration time 
before measurements. The only difference is that for NR, a deuterated environment (D2O, 
NaOD, DCl) is used to produce a large contrast gradient dρ(z)/dz with the hydrogenated 
membrane. The temperature was controlled using an Al block and cartridge heaters and 
stabilized before the 30-minute equilibration time. 
Molecular Modeling 
Molecular models were built using Materials Studio 3.1 software and their end-to-end 
distances Re were determined for both extended and “random coil” conformations. 
Simulation procedures are performed according to a previously established procedure: (1) 
a consistent-valence force-field (CVFF) energy minimization, (2) NVT thermodynamic 
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ensemble molecular dynamics employed to heat the polymer up to 473K (above Tg) and 
allow the chains to relax to the desired conformation, (3) a final CVFF energy 
minimization. “Extended confirmation” corresponds to a dihedral angle set to 0° while the 
dihedral angle was randomized for the “random coil” model.145 The monomer length was 
approximated from the Re value calculated from the random coils. It was in turn used to 
estimate the radius of gyration Rg of the linear and branched polymer architectures 
assuming random flight models. 
X-Ray Diffraction (XRD) 
The XRD patterns were recorded using an Empyrean X-ray Diffraction System 
(Panalytical) with an operating voltage of 45 kV, a current of 40 mA, and Cu Kα 
wavelength (θ = 1.54 Å).173 The θ - 2θ scan was carried out in 2θ range from 3 to 30° using 
a fixed time mode with a step interval of 0.013° for all samples. Samples were dried under 
vacuum at 120 °C for 12 h before performing the measurements. 
Fourier-Transform Infrared Spectroscopy (FTIR) 
Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra were obtained 
using a Bruker Vertex 70 FTIR spectrophotometer (600-4000 cm-1) with the resolution of 
2 cm-1 and the number of scans of 100. Polymers were dissolved in methanol (10 mg/mL), 
after which the solution was directly deposited onto a silicon ATR crystal and air-dried. 
Samples were then analyzed via FTIR with a grazing angle ATR accessory, which allows 
for analysis of the samples within 5 μm of the polymer-silicon interface. 
3.3.2 Thermomechanical and Dynamic Properties 
Differential Scanning Calorimetry (DSC) 
Thermograms were collected in a dry nitrogen environment (TA Instruments). Samples 
were first dried under vacuum at 120 °C for 12 h and then placed in hermetically-sealed 
pans. Before starting the measurements, polymers were annealed at 80 °C for 35 min. 
Several heating/cooling cycles were recorded (constant rate of 10 °C/min), producing 
consistent, reproducible thermograms. Unless otherwise stated, the calorimetric glass 
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transition temperature Tg was taken as the midpoint of the heat flow jump during the second 
cooling cycle.  
Rheology 
Small-amplitude oscillatory shear (SAOS) measurements were performed using an 
AR2000ex rheometer in the parallel plate geometry (4 mm plate diameter). The 
temperature was controlled by nitrogen gas in an environmental test chamber. The polymer 
samples were dried under vacuum at 120 °C for 12 h, after which they were viscous enough 
to load directly into the rheometer. Next, samples were briefly annealed at the same 
elevated temperature in the instrument before gradually cooling down to Tg. The final plate-
to-plate distances were in the range of 600-800 µm. Samples were equilibrated for 5 min 
at each temperature, after which the viscoelastic response was recorded over a range of 
strain amplitudes to ensure the SAOS measurements were within the linear regime. Then, 
the constant-strain linear viscoelastic (LVE) response was examined at frequencies ω 
ranging from 100 rad/s to 0.1 rad/s. This procedure was repeated for all subsequent 
(increasing) temperatures for T > Tg.  
Broadband Dielectric Spectroscopy (BDS) 
Concentrated polyelectrolyte solutions (10 mg/mL) were slowly spun-cast onto a gold-
plated electrode (diameter 10 mm) fitted with a Teflon spacer (thickness ~ 60 µm). The 
films were then dried under vacuum at 120 °C for 2-3 h, after which the upper electrode 
was pressed firmly against the film and returned to the oven. The assembled cells were 
further dried under these conditions for at least 24 h and then immediately transferred to 
the dielectric sample chamber for measurements under dry nitrogen atmosphere. 
The dielectric spectra were measured using a Novocontrol Concept 80 system, including 
an Alpha-A impedance analyzer, a ZGS active sample cell interface, and a Quatro 
cryosystem temperature control unit. An AC voltage of 0.1 V was applied and the dielectric 
response was measured over a frequency range 10-2 - 106 Hz and a temperature range 163 
– 383 K (recorded from high to low temperatures). Each sample was equilibrated at the 
highest temperature for 35 min, during which the BDS measurements showed a steady-
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state response. Unless otherwise stated, the reported spectra correspond to the decreasing 
temperature series. 
In BDS, an ac electric field with frequency f = 2π/ω is applied to the sample and the 
dielectric response is evaluated.174 In particular, the dynamic permittivity ε* is related to 
the capacitance C* of the system: 
𝜀∗(𝜔) =  𝜀′(𝜔) +  𝑖𝜀′′(𝜔) =  
𝐶∗(𝜔)
𝐶0
  (3.2) 
where C0 is the vacuum capacitance of the arrangement. 
Experimentally, the permittivity data is found from measuring the complex impedance Z* 
𝜀∗(𝜔) =  
1
𝑖𝜔𝑍∗(𝜔)𝐶0
  (3.3) 
In analyzing BDS results, it is useful to express the data using multiple different functions 
since some relaxation processes are not immediately obvious in the impedance or 
permittivity planes. For example, in assessing the ion transport of polymer electrolytes, it 
is useful to determine the complex conductivity σ*. According to Maxwell’s equations, σ* 
is related to the complex permittivity by 
𝜎∗(𝜔) =  𝜎′(𝜔) + 𝑖𝜎′′(𝜔) = 𝑖𝜔𝜀0𝜀
∗(𝜔)  (3.4) 
The dc conductivity is then generally taken as the frequency independent plateau of the σ’ 
spectra. Meanwhile, the electric modulus M* is the reciprocal of ε*: 
𝑀∗(𝜔) ∙ 𝜀∗(𝜔) = 1  (3.5) 
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The transition from the higher frequency ac conductivity dispersion to the dc behavior is 
demarcated at a particular conductivity time τdc which corresponds to a Debye-like 
relaxation peak in the imaginary component of the electric modulus representation. 
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CHAPTER 4. TUNABLE COMPARTMENTALIZED 
MORPHOLOGIES OF MULTILAYERED DUAL RESPONSIVE 
STAR BLOCK COPOLYMERS 
4.1 Introduction 
Different thermoresponsive, photosensitive, and ionizable functional groups are commonly 
incorporated into polymer backbones in order to influence interchain interactions and 
versatile stimuli-responsive behavior.13,14,175  Responsive polymers are useful as functional 
building blocks in the guided assembly of metamorphosing materials that are capable of 
reorganizing at the molecular level as in, for example, phase-changing polymer networks, 
adaptive supramolecular structures, microgel systems, and self-healing 
gels.176,177,178,179,180,181,182 Tuning the interactions of functional polymers assembled into 
organized morphologies at various interfaces is particularly important because the confined 
chain conformations and microstructures directly influence surface properties, including 
wetting characteristics, lubrication and adhesion, mechanical response, bioactivity, 
permeability, and charge transport.14,15,16,20,145,159,183,184,185,186,187,188 
Stimuli-responsive polymeric materials are often based on weak polyampholytes, a 
subclass of polyelectrolytes whose charge and morphology depend on the dissociation 
equilibria of both acidic and basic functionalities in addition to their spatial locations along 
the backbone.16,189,190,191,192  At low pH, acidic groups are protonated and the chain 
possesses a net positive charge, while at high pH, basic groups are deprotonated and the 
charge becomes negative. In both instances, the macromolecule is in the ‘polyelectrolyte 
limit’; Coulombic forces promote chain extension and the charged segments tend to be 
more hydrophilic than the neutral segments.193 But at the isoelectric point, balance between 
the ampholytic blocks produces a net charge neutrality of the overall molecular entity.145 
For sufficiently hydrophobic polyampholytes, the drive to minimize the electrostatic self-
energy generally leads to association and precipitation at intermediate pH.16  
More than one type of responsive group can be embedded into polymers to precisely 
control chain interactions, access complex morphologies, and expand functionality.  
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Multifunctional polymers, for instance, are often synthesized via copolymerization of 
polyelectrolytes with temperature-sensitive blocks.184,194,195,196,197,198,199,200 When these 
materials are heated above the lower critical solution temperature (LCST), the hydrogen-
bonded network of water in the first solvation layer is disrupted and hydrophobic 
interactions are enhanced.201,202 Polyelectrolytes with LCST behavior therefore exhibit 
interesting temperature-dependent phase behavior that is dictated by the fluctuating 
balance of competing electrostatic and hydrophobic characters.145,203 For example, when 
aqueous suspensions of weakly ionized hydrogels of N-isopropylacrylamide (NIPAM) 
copolymerized with acrylic acid (AA) are heated, the competition between pH-induced 
swelling of partially ionized acid groups and ‘hydrophobicity’-driven collapse of NIPAM 
blocks results in a microphase-separated network containing densely-packed, de-swollen 
cores surrounded by a diffuse, ionized shells.197 
Control of ionic and solvophobic interactions is accomplished by designing complex 
chemical architectures with different blocks within arms, grafts, and terminal 
groups.189,190,191,204 Recently, polymers with branched architectures have been synthesized 
as an emerging class of responsive nanomaterials.  Entropic repulsion of these “soft 
nanoparticles” limits their aggregation as they pack into more crowded environments, 
while the intramolecular partitioning of hydrophobic and hydrophilic blocks can lead to 
conformations analogous to those of block copolymer micelles, polymersomes, 
hierarchical dendrimers, and other multicompartmental colloidal 
nanoparticles.89,178,204,101,205,206,207,208,209, 
The multifunctional architecture of the star-graft block quarterpolymers thus favors their 
integration into hierarchical, stimuli-responsive soft materials with complex intramolecular 
and intermolecular morphologies.210 In particular, they are an advantageous component for 
layer-by-layer nanomaterials assembled by the cyclical adsorption of two or more materials 
into physically-bonded multilayer nanofilms.178,145,211,212,213,214,215  LbL assembly produces 
ultrathin films with controlled thickness, composition, and structure and thus is a useful 
technique for modifying the properties of surfaces and colloids.159,216 The hydrogen-
bonding and ionic/thermosensitive functions of the SG quarterpolymers in particular allow 
for the independent control of film integrity and responsive properties. While branched 
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macromolecular architecture of copolymers is known influence interfacial interactions, 
polymer density, viscoelasticity and interfacial slip in polymer multilayers217, the internal 
morphologies and multiresponsive behavior of hierarchical coatings assembled from 
polymers with complex, multifunctional architectures are poorly understood and rarely 
investigated in-situ.218   
As such, there still remains a limited understanding of how compartmentalized 
morphologies are distributed throughout the interfacial assemblies and how heterogeneity 
and responsivity of these structures differ from those based on common linear 
polyelectrolyte counterparts. Herein, we study the dual pH and temperature responsive 
morphologies of LbL multilayers based on tannic acid (TA) and the heteroarm SG block-
quarterpolymers PSn(P2VP-b-PAA-g-PNIPAM)n with polyampholyte character (Figure 
3.1).96 The unique compartmentalized internal structures are observed to be dramatically 
different from the more uniform morphologies of conventional polyelectrolytes. 
4.2 Experimental 
Materials 
Poly(ethyleneimine) (PEI) (Mw = 70,000) was obtained from Polysciences Inc.  Tannic 
acid (Mw = 1700), NaCl, and D2O were obtained from Sigma-Aldrich.  Tris-HCl (1.0 M) 
was obtained from Rockland. All purchased chemicals were used as received. The 
synthesis and characterization of the PSn(P2VP-b-PAA-g-PNIPAM)n is described above 
(Scheme 3.1). Silicon wafers (10 mm thickness, 5 cm diameter) of <100> orientation with 
a 2 nm native oxide layer were used as substrates for multilayer deposition (Electronic 
Materials Technology). 
LbL Multilayers 
In this work, SG quarterpolymers (Table 3.1) are alternately co-deposited with polyphenol 
tannic acid (TA) as the H-bonding partner (Scheme 4.1).145,178,211,212,213,214,215 Aqueous 
solutions (0.2 mg/mL) of PEI, SG2, SG3, and SG4 were prepared with ultrapure water 
(18.2 MΩ cm).  To minimize electrostatic effects during the multilayer buildup and form 
the robust hydrogen bonds, the TA and washing solutions were prepared in diluted Tris-
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HCl buffers (0.2 mg/mL and 0.1 M NaCl) with a pH adjusted to 5—near the neutral state 
of the star polyampholytes. During solution preparation and throughout the following 
experiments (except for neutron reflectivity measurements), the pH was adjusted using HCl 
and NaOH.  For changing the pD in D2O for the neutron reflectivity measurements, NaOD 
and DCl were used. 
The polished Si surfaces were cleaned using Piranha solution (2:1 concentrated sulfuric 
acid to hydrogen peroxide mixture) according to the normal procedure (caution: strong 
oxidizer!).145 In order to promote film adhesion and prevent delamination throughout the 
various experiments, the wafers were first submerged in a PEI solution for 15 minutes to 
form a strongly adsorbed pre-layer.205 The pre-layer was washed by submerging the film 
in a fresh ultrapure water bath for one minute, repeated twice. For the film build-up, the 
substrate was sequentially and alternately submerged in TA and SG quarterpolymer 
solutions for 15-minute incubation times each and washed two times for 1 minute in the 
pH 5 buffer solution after the deposition of each individual layer (Scheme 4.1).  LbL 
deposition proceeded to 10 bilayers, and the final surface assemblies were dried under a 
dry nitrogen stream. 
 
*Washed in 0.01 M Tris-HCl, adjusted to pH 5 




Spectroscopic ellipsometry was conducted in both the dry and fluid state. In the dry state, 
three angles of incidence were used: 65°, 70°, and 75°, while the fluid cell only allows for 
measurements at 70°. Dry film thickness was evaluated at 5 independent locations. To 
secure the fluid cell without any leakage, measurements were restricted to a single location 
at the center of the substrates for the in-situ experiments. Fluid cell environments were 
adjusted by flushing in several volumes (~10-15 mL) of the pH-adjusted ultrapure water.  
Membranes were allowed 30 minutes to equilibrate for each condition before 
measurements were recorded. The results are compared to thicknesses ascertained from 
AFM scratch measurements. 
To investigate the film internal structure, neutron SLD profiles were acquired using neutron 
reflectivity. Values of ρ are based on the number-average mass density (D = 1.11 g/cm3) 
of the different chemical blocks and their corresponding SLDs (Table S4.1).  The 
multilayers can then be treated as homogenous in composition and density with a constant 
ρfilm on the length scales investigated here, to which both components are assumed to make 
equivalent contributions due to equal mixing.210,211 Buffer solution SLD ρD2O was corrected 
by first fitting the room temperature data near the wave vector corresponding to the critical 
reflection Qc, and was found to vary slightly from 5.9×10-6 Å-2 to 6.3×10-6 Å-2 (the pure 
D2O SLD is 6.34×10-6 Å-2 at D = 1.11 g/cm3). It follows that the modelled ρ(z) should be 
within the limits established by ρfilm and ρD2O.
219  
The film at any depth is composed of the TA/SG multilayer and D2O, such that ϕ(z) + 
ϕD2O(z) = 1. Based on the considerations above, the volume fraction profile of the film is 
given by220 
𝜙(𝑧) =  
𝜌(𝑧)−𝜌𝐷2𝑂
𝜌𝑓𝑖𝑙𝑚−𝜌𝐷2𝑂
  (4.1) 
Integrating the volume fraction profiles gives the total surface coverage Γ: 
𝛤 = 𝐷 ×  ∫ 𝜙(𝑧)
ℎ
0
𝑑𝑧  (4.2) 
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where z = 0 corresponds to the substrate interface.193 The upper limit of integration was set 
to the total film thickness h, defined as the height z (ϕ=0.05). Reported values of Γ are 
scaled by the mass density D of the film/D2O system and have units of mass/area: 
𝛤𝐷2𝑂 = 𝐷 ×  ∫ [1 − 𝜙(𝑧)]
ℎ
0
𝑑𝑧 =  𝐷 × ∫ 𝜙𝐷2𝑂(𝑧)
ℎ
0
𝑑𝑧  (4.3) 
Overall, Eqs. 4.2 and 4.3 can be used to find the mass average water composition <ϕD2O> 
= ΓD2O / (Γ + ΓD2O). 
In this work, ρ(z) profiles are simulated by dividing the adsorbed multilayer network into 
several homogeneous slabs (boxes), each parameterized by distinct values of ρi, thickness 
hi, and interfacial width (between it and the layer above it) σi. Specifically, the SG2 and 
SG3 systems are comprised of a three layer box model where the parameters hi, σi, and ρi 
of each box depends on its local hydration (Table S4.2).194,170,219,221,222,223  Here, σi 
corresponds to the standard deviation of the error function used to model the mixing of 
adjacent layers.  The PEI pre-layer (ρ = 0.56×10-6 Å2) is implicitly considered as part of 
the initial, proximal layer.  
This approach allows for the determination of a continuous volume fraction profile without 
making any assumptions regarding its analytical form (Eq. 4.1).193 However, the solutions 
to ρ(z) in Eq. 3.1 are not unique and must be constrained by additional parameters. In this 
work, SE measurements in air and fluid were used to constrain the hi values such that the 
overall thickness h was within a reasonable range of the SE values. These initial fits were 
performed individually, allowing explicit constraint of mass balance and parameterization 
of hydration.172 The initial fits were then optimized so that the surface coverage Γ was 
constant within error.220 In other words, it is assumed that desorption is negligible 
compared to the morphological changes induced under different fluid conditions. This 
assumption is justified by in-situ ellipsometry measurements, which detect no change in 
multilayer thickness upon exposure to solutions of different pH (2.5 to 8.5) over time (up 
to 4 hours).  Additionally, for multilayers which showed negligible change to internal 
structure in response to external stimuli, R(Q) and ρ(z) measured at different temperatures 
and times were essentially identical, thus verifying the stability of the measurements.  
When reasonable fits were initially obtained, the resulting parameters were used for least 
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squares regression (Levenberg-Marquardt algorithm) using the Motofit software to yield 
the final SLD distributions.224 Variation of the silicon and SiO2 layer parameters had 
negligible effect on the simulations and were therefore fixed to known values.  
4.3 Results and Analysis 
Surface Morphology 
The PEI-[TA/SG]10 multilayers deposited at pH 5.5 exhibits consistent growth in neutral 
conditions.145  AFM imaging of the films in the dry state revealed granular topographies of 
the densely packed micellar morphologies over large surface areas (Figures 4.1 and 
S4.1).178,204,205,206,207,225   
Both the multilayer thickness and surface roughness increase with the degree of branching 
and the size of the polymers (Figure 4.2). The pronounced increase in thickness and 
roughness for the TA-SG4 films is attributed to their molecular characteristics: during LbL 
build-up, the SG4 stars with longer ampholytic blocks and more arms have stronger 
excluded volume effects associated with larger dimensions (Table 3.1).101 
Previously, ζ-potential measurements throughout the LbL deposition of anionic 
poly(styrene sulfonate) (PSS) and cationic PSnP2VPn precursors on colloidal templates 
revealed charge compensation and reversal for each adsorption step.204  In contrast, the 
TA/SG multilayers are characterized by negligible variations in the surface potential, 
which is always slightly negative regardless of whether the capping layer is the star 
Figure 4.1. AFM topographical (a) and phase (b) images of the dry PEI-[TA/SG3]10 
films. Scale bars are 100 nm; Z scales are 50 nm and 35°.  
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polymer or polyphenol.145 These observations are consistent with the idea that the growth 
of the dual-responsive networks is mediated via hydrogen-bonding via the PNIPAM 
segments in the star corona.  
Next, submersion of the H-bonded multilayers into aqueous environments results in 
relatively smooth surface topographies with larger aggregated grains (Figure 4.3).207 The 
surface textures feature the coexistence of collapsed and swollen domains reminiscent of 
the ‘wormlike’ surface structures observed for other pH-responsive star polymer LbL films 
and are attributed to the phase separation of the swollen and aggregated blocks.226 The 
contrast between the heterogeneous domains is greatest at pH 5.5—corresponding to the 
roughest swollen surface—whereas these boundaries are more diffuse at pH 2.5 and 
8.5.193,204  
Although the measured roughness of the swollen films reflects the changes in morphology, 
the swelling is modest and essentially independent of the pH (Figure 4.4). The smooth 
interface with limited global swelling thus indicates a large volume filling factor likely 
caused by intermolecular association and strong H-bonding between LbL components at 
the surface.204,225  
AFM scanning of the dried film after the swelling experiments confirmed the same micellar 
structure as before immersion, suggesting the surface morphological transitions are 
reversible. For comparison, in-situ AFM measurements of micellar monolayers and 
Figure 4.2. The average dry film thicknesses for the TA-SG multilayers as measured 
by SE and AFM (a) and the Rq values determined using AFM images (b).  
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multilayers normally reveal a granular texture in the swollen state.178,206,207,225 From AFM 
measurements alone, it is difficult to determine whether or not such a micellar morphology 
is localized within the multilayers.  Therefore, the internal structure is examined using NR. 
 
 
Figure 4.3. Surface morphologies of the swollen LbL multilayers at different pH. AFM 
topographical images (a-c) and phase images (d-f) of the PEI-[TA/SG3]10 film collected 
in-situ with the aqueous fluid cell adjusted to the indicated pH. Scale bars are 100 nm; 
Z scales are 25 nm and 10°. 
Figure 4.4. The swollen film thickness as determined by fluid cell SE (a) and Rq values 
determined from in-situ AFM measurements in fluid cell (b).  
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Internal Morphology of Multilayer Films 
The film-liquid interface is probed in-situ using specular NR in a pD-adjusted D2O fluid 
cell.  Notably, we found that the features in the reflectivity data for all samples could only 
be appropriately reproduced using multiple box layer models with non-monotonic ρ(z) 
profiles (Figure 4.5, Tables S4.1, S4.2). Attempting to fit the data using simpler models 
with only one or two boxes representing the multilayer produced prohibitively large errors. 
The simple, monotonic ρ(z) profiles often featured SLDs much smaller than those expected 
for any of the components in the multilayers. Secondly, the overall film thicknesses 
ascertained from these one- and two-box models were inconsistent with the independent 
SE and AFM data and the associated values of Γ had unphysical variations. 
Instead, a three-box model featuring a central layer with enhanced SLD enabled us to fit 
the neutron reflectivity measurements with very reliable and consistent values of h and Γ 
(red line, Figure 4.5). In the following analysis, the resulting ρ(z) profiles are first correlated 
to features in the R(Q) plots by observing their changes to external stimuli. Note that 
throughout this work, the reported R(Q) is scaled by Q4 to remove the contribution of the 
Fresnel reflectivity and isolate the interference originating from the film structure (Eq. 
3.1).169  The ρ(z) distributions are then systematically converted to ϕ(z) profiles and 
compared at different pH and temperature conditions. 
Figure 4.5. Comparison of different layer models for the PEI-[TA/SG2] multilayers. 
The reflectivity is scaled by Q4 to remove the contribution of RF (Eq. 3.1). 
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As an example, R(Q) of the SG3 multilayers was found to depend strongly on both pH and 
temperature (Figure 4.6, see data for SG2 and SG4 in Figures S4 and S5). The pronounced 
drop in reflectivity at the critical wavevector Qc indicates sharp contrast between the D2O 
and hydrogenated multilayer. When the pH is switched to acidic/basic environments, the 
first minimum at Q ~ 0.035 Å-1 becomes shallower while the maximum ca. Q ~ 0.06 Å-1 
increases slightly in intensity.  Concurrently, there is an increase in ρ(z) about 100 Å from 
the SiO2 surface (Figure 4.6). Because a higher SLD indicates a larger contribution from 
D2O, the changes simulated in ρ(z) suggest more pronounced internal swelling at limiting 
pH 2.5 and 8.5.   
Figure 4.6. Neutron reflectivity (a) and the associated SLDs (b) of the PEI-[TA/SG3]10 
films with the solution pH set to 8.5, 5.5, and 2.5 for the top, middle, and bottom rows. 
Black squares, blue circles, and red triangles indicates measurements at temperatures of 
25 °C, 35 °C, and 45 °C, respectively. The solid lines in the reflectivity plots represent 
the best fits generated by the SLD profiles in (b). The origin of the SLD plots 
corresponds to the Si/SiO2 interface. 
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In addition, measurements for multilayers were recorded as the temperature increased from 
25 °C to 45 °C (passing the LCST at ~31-34 °C).96 For samples demonstrating clear 
temperature-responsive behavior, there are two prominent changes in the reflectivity for T 
> 25 °C: (1) attenuation of the first maximum at a wave vector of Q ~ 0.025 Å-1 and (2) 
further increase in the intensity of the high Q feature (Q ~ 0.06 Å-1). The broadening of the 
low Q feature is consistent with the roughening of the film/fluid interface in ρ(z) while the 
high Q response indicates significant phase separation on the order of 10 nm resulting from 
heterogeneous swelling within the multilayer structure (Figure 4.6).220 
Figure 4.7. Volume fraction profiles for the SG2, SG3, and SG4 multilayers from NR 
data (left, middle, and right columns respectively, Table 2) with the fluid cell adjusted 
to a pH of 8.5, 5.5, and 2.5 (top, middle, and bottom rows respectively, Table 2). Each 
pH condition was measured for 3 temperatures: 25 °C (solid black lines), 35 °C (dashed 
blue lines), and 45 °C (dash-dotted red lines). Here, z = 0 coincides with the PEI pre-
layer. 
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Notably, the temperature-responsive effects are only observed for certain star architectures 
and pH conditions. For example, while the thermally induced structural transitions are 
obvious in acidic/basic environments for the SG3 multilayers, the reflectivity is essentially 
invariant upon increasing temperatures near the isoelectric point—even up to 55 °C (T > 
45 °C data not shown). This observation demonstrates that the temperature-dependent 
variation of the internal structure is linked to specific functionalities belonging to the star 
polymers as opposed to extraneous effects, such as thermal expansion of the LbL 
multilayers.  
The SLD distributions of the SG2 and SG4 films are similar to those observed for the SG3 
films (Figures S4.3 and S4.4). Furthermore, the fitted ρ(z) values are in good agreement 
with the range expected from Table S4.1 and the film thicknesses are all comparable to the 
SE measurements (Figure 4.4). Despite these structural similarities, however, the stimuli-
responsive modulations of internal morphology depend on the different compositions and 
architectures.  
The volume fraction ϕ(z) profiles enable real-space visualization of the internal structure 
at different pH and temperature conditions (Figure 4.7). For comparison to the SE and 
AFM measurements, the z coordinate is redefined to originate at the PEI pre-layer. Note 
that values of ϕ(z) above unity for small z are an artifact of the PEI pre-layer, which has a 
slightly lower SLD than the TA/SG components and is expected to interdigitate into the 
first layers (Table S4.1).  In this representation, the high SLD interior corresponding to the 
high Q reflectivity peak can be ascribed to a depletion of polymer in the highly swollen 
~10-14 nm thick central region of the multilayer (cf. Figures 4.6 and 4.7). The total 
thicknesses determined from ϕ(z) are comparable to those measured by SE (Table 4.1; 
Figure 4.4). In addition, both the film thickness h and dimension of the internal hydrated 
compartment hint at room temperature increases with star molecular weight. For the SG3 
and SG4 films, it is noted that the thickness at pH 5.5 is somewhat larger than anticipated, 
which may be attributed to the larger roughness of the films under these conditions.  
Regardless, the internal restructuring (discussed below) at different pH is self-consistent 
within the NR models; while the thickness of the SG3 and SG4 films at pH 2.5 and 8.5 are 
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in better agreement with the corresponding SE values than h at pH 5.5, Γ changes only 
about 2% between all of the ϕ(z) profiles. 
Table 4.1. Room Temperature Characteristics of Multilayers Determined by NR  
a Film coverage, averaged from the three pH measurements, b film thickness, defined as the height z(ϕ=0.05), 
c thickness of internal hydrated compartment, defined as Δz between the PEI layer and local ϕmax 























SG2 20.7 ± 0.95 32.5 10.9 40  31.5 10.3 39  31.8 12.0 44 
SG3 24.2 ± 0.60 36.9 12.5 42  39.6 11.5 43  37.3 13.2 41 
SG4 25.3 ± 0.49 49.3 14.9 53  55.8 14.0 59  45.4 15.0 50 
At room temperature, Γ ranged from 20.7 to 25.3 mg/m2 for the SG films—similar to values 
reported for other LbL films (Table 4.1).227  The increasing deposited mass with molecular 
weight is analogous to the thickness trend as measured by SE and AFM (Figures 4.2 and 
4.4).  Moreover, this trend mirrors that of multilayers assembled from neutral polymers: 
the adsorbed amount is proportional to the molecular weight.170 This observation provides 
additional evidence that LbL build-up is for the most part non-ionic; it is not primarily 
driven by charge compensation because the SG polymers have a small net charge with 
highly screened interactions. 
The total average D2O fraction (39-59%, Table 2) is in the higher range normally observed 
in traditional LbL assemblies (~4-56%) and comparable to that in common hydrogel 
films.214,219,228,229,230 Comparison of ϕ(z) at different pH shows that the films expel D2O 
from the exterior in acidic/basic environments (Figure 4.7). For the rougher films, this leads 
to an overall drop in both h and <ϕD2O> as well as decreased surface roughness as observed 
from in-situ AFM measurements when the pH is increased or decreased from pH 5.5 (Table 
4.1, Figures 4.3, 4.4).  At the same time, there is a deeper/wider minimum in the interior 
of the ϕ(z) distributions which signifies the increasing compartmentalization of water to 
internal micellar pockets (Figure 4.7).   
Taking ϕ(z) of SG3 films as an example, the thickness of the internal hydrated compartment 
hint grows from 11.5 nm at pH 5.5 to 12.5 (pH 2.5) and 13.2 nm (pH 8.5). Furthermore, the 
maximum water volume fraction of the interior ϕD2O,max increases from 0.51 at the 
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isoelectric point to 0.65 (pH 2.5) and 0.77 (pH 8.5) while its position moves to lower z 
(from 7.9 to 6.3 and 5.9 nm, respectively). Similar trends are observed for the SG2 and 
SG4 multilayers.  It has previously been reported from ζ-potential measurements that the 
degree of ionization of the star polymers generally increases in the order of pH 5.5 < pH 
2.5 < pH 8.5.96,145  Although the global charge of the multilayer assembly is not known, 
the pH dependence of the dimensions and characteristics of the hydrated layer in each 
sample follow that of the state of the corresponding stars in aqueous solution.  From this, 
it is understood that the interior hydrophilic reservoirs swell and move closer to the 
substrate when the star polyampholytes are ionized in their known polyelectrolyte limits—
especially in the alkaline regime.  
Next, when the temperature is increased at basic pH, ϕ(z) in the depleted central region of 
the film decreases even further (larger SLD) and is accompanied by a spreading of the outer 
shell to a more diffuse, lower SLD periphery (Figures 4.6 and 4.7). This change reflects a 
larger permeability to D2O throughout the multilayer and resulting swelling, as quantified 
by a larger ΓD2O (Eq. 4.3). This behavior is different from the morphological transition 
observed in conventional thermoresponsive grafted films and multilayers.  That is, the 
entropically-driven expulsion of water molecules surrounding the responsive PNIPAM 
blocks and collapse of the chains typically translates to partial dehydration of the coating 
interior.194,200,205,222,223,231,232 In contrast to such uniform PNIPAM films, the transformation 
of SG micellar multilayers is instead more reminiscent of the thermally induced phase 
separation of microdomain morphology of block copolymers.233 Indeed, only the 
compartmentalization of D2O into ~10 nm phase separated domains within the multilayers 
can account for the increased intensity at large Q (Figure 4.5).220  
To focus specifically on this thermally induced swelling caused by the porous morphology 
at different pH, we define a swelling ratio 𝑆𝑅 =  
𝛤D2O(𝑇)
𝛤D2O(25 °𝐶)
 (where T = 35 °C or 45 °C) 
and plot SR for each of the stars possessing different PNIPAM content (Figure 4.8).  It is 
thus apparent that the LCST-triggered morphological transformation is coupled to both the 
pH and PNIPAM content.  For instance, the swelling ratio of the multilayers increases with 
larger PNIPAM weight fractions (for pH ≠ 5.5). Likewise, the star polyampholytes with 
larger PNIPAM grafting densities are more sensitive to temperature changes in aqueous 
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solutions and at the air-water interface.96,145 The composition-dependence of the LCST 
transition is therefore similar to the thermal behavior observed in other dual-responsive 
block copolymer systems: a larger fraction of thermoresponsive blocks increases the 
overall polymer hydrophobicity at the transition temperature.195,196,199 
On the other hand, the LCST response is observable only when the stars are ionized at 
low/high pH whereas it is inhibited at the isoelectric point—regardless of the PNIPAM 
content (Figure 4.8). The effect of pH is therefore unusual, since ionization generally 
increases polyampholyte hydrophilicity, hinders hydrophobic association, and suppresses 
thermo-sensitive behavior.96,195,196,198,199,203 The anomalous dual-responsive, 
compartmentalized morphologies are reconciled in the following section by considering 
the relationship between star topology, charge, and amphiphilicity in conjunction to 




Figure 4.8. Thermally induced swelling of the H-bonded multilayers at T = 35 °C (filled 
symbols, solid lines) and 45 °C (open symbols, dashed lines) plotted as a function of the 
PNIPAM weight fraction (Table 4.1). The swelling ratio is calculated for the SG2 
(squares), SG3 (circles), and SG4 (diamonds) multilayers at the indicated pH. 
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4.4 Discussion and Conclusions 
Overall, we discovered that the hydrogen-bonded LbL multilayer assemblies containing 
the multicomponent and multifunctional star block quarterpolymers have a non-traditional, 
heterogeneous internal morphology wherein the water distribution depends on the polymer 
architecture and amphiphilicity (Figure 4.9).   
We propose that the star polymers assume distinct micellar morphologies which are bonded 
into the multilayers close to the substrate surface. Due to the presence of molecular cavities 
within the hydrophilic-hydrophobic star macromolecules, hydrated pockets typify the 
solvation of these ‘soft nanoparticles’ at aqueous interfaces.185,234 Accordingly, the SG4 
multilayers had the highest water content in this region, which may be attributed to the 
highest arm number and longest PAA-b-P2VP arms. That the size and swelling capacity of 
these micellar regions increase with the degree of ionization further indicates that the 
Figure 4.9. Suggested internal morphologies of the star polymer multilayers in the dry 
state and swollen state at various combination of pH and temperature. 
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hydrated star conformations are stabilized by electrostatic interactions between the 
hydrophilic shells.199,203,207  
We suggest that the presence of unimolecular micelles of star block quarterpolymers and 
their aggregates in solution prior to LbL assembly plays a critical role in the formation of 
multilayers with “empty” pockets in the vicinity of the solid substrates.96 Because the films 
are deposited near the isoelectric point and in the presence of salt, electrostatic interactions 
are weaker due to lower star charge and/or charge screening effects.  Indeed, ζ-potential 
and adsorbed mass/thickness trends are consistent with neutral star behavior.145  The 
interactions between the TA and SG components should therefore be stabilized by H-
bonding—primarily between the PNIPAM periphery of the stars and the phenolic groups 
of TA, as is commonly observed in similar LbL assemblies.210 While the 2VP and AA 
moieties may also participate in H-bonding, their interactions are likely less important 
because the multilayer films retain their structural integrity even when the ampholytic 
blocks are ionized at their respective limits.  
The predominantly hydrogen-bond-driven assembly of soft nanoparticles differs 
significantly from that known for linear polyelectrolyte chains.  During sequential 
adsorption steps, soft nanoparticles do not completely cover the preceding layers due to the 
significant entropic cost for packing additional stars into the limited spacing between 
adsorbed micelles.  But as more layers are deposited, the complexation of micelles on the 
increasingly heterogeneous surfaces of preceding layers likely deforms the nanoparticle 
shape, driving them to associate further from the substrate to lower the interfacial tensions 
of their cores.192,235  This scenario is very different from that observed for linear 
polyelectrolyte coils, for which extensive interlayer interdiffusion produces comparatively 
uniform and dense initial layers and more loosely organized morphologies further from the 
substrate.159,229,236 
Due to the environment-sensitive intermolecular interactions of the PAA arms and 
PNIPAM grafts, the swelling of these multilayers and their aggregated morphologies were 
strongly dependent on pH and temperature (Figures 4.8 and 4.9).  The temperature 
sensitivity (within the experimental window in this study, T = 25 – 45 °C) of the SG 
 51 
polyampholytes depends on the multilayer microstructure as mediated by the star topology 
and the electrostatic, H-bonding, and hydrophobic interactions.  Above the LCST, 
hydrophobic outer shells conjoin multiple stars into clusters (Figure 4.9).145,203  Water 
permeability thereby increases due to the more porous film structure that directs water 
molecules into swollen compartments and structural voids.215  The thermally induced 
restructuring is stronger not only for higher PNIPAM grafting densities, but also at limiting 
basic and acidic conditions, signaling that the temperature-triggered changes in 
morphology is controlled by the intramolecular partitioning of the star-graft blocks.  
Internal heterogeneity is thus produced in basic/acidic pH due to compartmentalization of 
the ionized arms; at high enough grafting densities, the LCST morphological transition is 
observed.197,203  The temperature-triggered phase separation is less pronounced at lower 
pH because the protonation and subsequent intramolecular H-bonding of the dehydrated 
PAA-g-PNIPAM compartments under these conditions partially suppresses the full 
collapse of the PNIPAM grafts.196,210  
Additionally, the osmotic pressure and interchain repulsion which resists the temperature-
driven inter-star clustering is greater within the inner P2VP portions of the star polymer at 
low pH compared to those between the charged outer PAA chains of the corona at high 
pH—especially for SG4 stars with the most arms.192 The complexed shell at acidic pH may 
result in an additional level of compartmentalization, however phase separation at this 
length scale cannot be distinguished from the reflectivity measurements. Lastly, no changes 
are observed for any multilayers at pH 5.5 because the diminished charge near the 
isoelectric point minimizes internal heterogeneity and facilitates hydrophobic-hydrophobic 
interactions between the near-neutral amphoteric blocks and the PNIPAM grafts, thereby 
suppressing thermo-sensitivity.237  
The observed behavior therefore indicates the strong coupling of the pH-dependent and the 
thermally responsive behavior exhibited by the H-bonded network of dual-responsive star 
block quarterpolymers.  Increasing the number of ionizable arms and their length can lead 
to more hydrated interiors with a temperature response restricted only to pH above the 
isoelectric point (Figures 4.7). Alternatively, increasing the PNIPAM grafting density 
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expands temperature sensitivity to both acidic and alkaline conditions while maximizing 
the thermally induced swelling (Figure 4.8).  In either case, the responsive groups and 
strong H-bonding functions are covalently bonded, resulting in limited localized swelling 
behavior rather than uniform swelling throughout the entire LbL films. 
To emphasize, the heterogeneous distribution of hydrated domains and inner morphology 
in the micellar LbL assemblies of star-graft block quarterpolymers are in stark contrast to 
the more uniform swelling of conventional polyelectrolyte multilayers.228,229,230  
Furthermore, traditional multilayer LbL assemblies containing thermoresponsive block 
copolymers generally de-swell or have negligible responses at higher temperatures because 
the internal structure appears to be dominated by the hydration/collapse of the individual 
PNIPAM coils rather than their association and compartmentalization.200  Meanwhile, 
conformations of the core-forming blocks are essentially independent of pH and 
temperature; the colloidal stability of the stars thus preserves creep-resistant, responsive 
morphologies during application of stimuli.175 
In conclusion, multilayer LbL films assembled from dual-functional and multicomponent 
star polyampholytes reorganize into multiresponsive, compartmentalized micellar 
nanostructures with localized swelling/collapse of hydrophilic/hydrophobic domains.  The 
result is an interior swollen micellar layer whose level of hydration depends on both pH 
and temperature.  In their polyelectrolyte limits, stars with larger PNIPAM grafting 
densities associate their hydrophobic compartments into clusters when heated above the 
LCST, thereby opening up the interior film structure while the swollen fluid interface 
grows rougher with an aggregated morphology.  We anticipate the heterogeneous, 
compartmentalized internal morphologies to be common for other branched, ampholytic 
molecules, grafted proteins, or micellar supramolecular structures. The particular 
advantage of this system is the capability to fine-tune the balance of intermolecular 
interactions while maintaining the overall integrity of the multilayer assembly, which is 
important for tuning organized colloidal networks of soft nanoparticles, internal reservoirs 
for cargo encapsulation/release, embedded reactors for localized chemical reactions in 
heterogeneous catalysts, and nanostructured channels for small molecule or ion transport. 
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Figure S4.1. AFM height images of dry SG2 (left), SG3 (middle), and SG4 (right) PEI-
[TA/SG]10 multilayers. Rq denotes the corresponding roughness measured from 5 
independent 1 μm2 areas. Scale bars for 10 μm x 10 μm scan areas (top) are 1000 nm. 
Scale bars for 1 μm x 1 μm scan areas (bottom) are 100 nm. Note the higher Z scale for 
the SG4 sample.  
Figure S4.2. AFM height images of PEI-[TA/SG3] multilayers immersed in a fluid cell 





Table S4.1. SLDs of the Individual Components and Multilayers 
* Film SLDs are calculated under the assumptions: (i) the multilayer is about 50% TA composition and (ii) 
all components have the mass density 1.1 g/cm3.210,211 







TA/SG2 Film* 1.76 
TA/SG3 Film* 1.67 
TA/SG4 Film* 1.79 
D2O 6.34 
 
Table S4.2 Fitting Parameters for the PEI-[TA/SG3]10 Multilayer at 25° C 




















Si ∞ 2.07 -  ∞ 2.07 -  ∞ 2.07 - 
SiOx 20 3.20 1  20 3.20 1  20 3.20 1 
Filmproximal 43 0.68 2  51 1.19 2  38 0.50 2 
Filmcentral 46 6.06 19  68 3.98 12  57 5.92 17 
Filmdistal 181 1.97 32  204 3.09 13  178 1.65 27 




Figure S4.3 Neutron reflectivity (a) and the associated SLD models (b) of the PEI-
[TA/SG2]10 films at the indicated pH. Black squares, blue circles, and red triangles 
indicates measurements at temperatures of 25 °C, 35 °C, and 45 °C, respectively. The 
solid lines in the reflectivity plots represent the best fits corresponding to the SLD 




Figure S4.4. Neutron reflectivity (a) and the associated SLD models (b) of the PEI-
[TA/SG4]10 films at the indicated pH.  
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CHAPTER 5. LINEAR AND STAR POLYMERIZED IONIC 
LIQUID ASSEMBLIES: SURFACE MONOLAYERS AND 
MULTILAYERS 
5.1 Introduction 
The polymerization of ILs provides the opportunity of combining the beneficial chemical 
properties of ILs outlined above with the improved mechanical stability and dimensional 
control provided by the macromolecular architecture and topology of the polymeric 
backbone.34, 238, 239 Moreover, the facile processability and assembly of polymeric 
materials—spin coating, electrospinning, coacervation—affords a greater control over the 
two- and three-dimensional structure of PolyILs, and ultimately their integration into 
functional soft materials. For instance, gas separation membranes constructed from PolyIL 
assemblies combine the thermal stability and chemical selectivity inherent from the IL 
moieties while concurrently preventing the “blow-out” problem associated with their 
fluidic nature.33, 240  
Polymerized ILs possess responsive behavior to environmental stimuli. However, in 
addition to the well-known stimuli commonly used to study many polyelectrolytes—ionic 
strength241, pH242, temperature243, light244—the unique chemical properties of ILs with a 
wide selection of anions ranging from hydrophobic (bis(trifluoromethanesulfonyl)imide 
(TF2N
- or TFSI-)) to hydrophilic (acetate or amino acid derivatives) introduces ion 
exchange as a particularly intriguing factor for affecting the post-assembly  PolyIL 
morphology.34, 245, 246 For example, in contrast to most polyelectrolytes, PolyILs are 
generally soluble in polar organic solvents rather than aqueous solutions.32 But it has been 
demonstrated that an increase in hydrophilicity of PolyIL modified surfaces is possible via 
an anion exchange from TFSI- to Cl-.246 Likewise, alternatively flushing polymer brush 
surfaces with TFSI- and a highly hydrophilic polyphosphate yields large and reversible 
changes in the surface energy of a polyelectrolyte brush.245 Conversely, Ma et al. have 
reported on the dewetting of polyIL films triggered by an anion exchange to a hydrophobic 
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counterion that induces mechanical stress relaxation associated with the autocondensation 
of hydrophobic droplets.247 
Adjusting the chemical nature of the solvent conditions for a fixed IL counterion can also 
trigger conformational change of the PolyIL. In this regard, Yuan and coworkers have 
developed a synthesis route for porous PolyIL membranes by initiating ionic complexation 
between the PolyILs and weak acids in poor solvents, leading to a globular collapse that is 
restrained and fixed into place by the ionic network.248 Small-angle X-ray scattering 
showed that the dimensions of these pores are related to the correlation length of the 
polymers—i.e., the extent of chain confinement induced by the poor solvent conditions.249 
Similarly, Firestone et al. investigated solvent-induced swelling and de-swelling as a means 
to manipulate a PolyIL gel containing gold nanoparticles.46  
Synthesizing various polymer architectures of PolyIL molecules (e.g., star vs linear 
topology) is another means to exploit their functionality. Branched polyelectrolytes possess 
a unique charge redistribution and strong counterion confinement that enables interesting 
phase behavior depending on the balance of secondary interactions. Precisely controlling 
the configuration, composition, and architecture of PolyILs is now a feasible and promising 
approach to optimizing structure-property relationships of these materials.238, 239 246, 250 
Because PolyILs are a subset of polyelectrolytes, their incorporation into electrostatically 
stabilized LbL polyelectrolyte thin films—also known as polyelectrolyte multilayers 
(PEMs)—is possible. Despite the diverse physical behavior demonstrated by ILs described 
above, very few studies considered PolyIL components for LbL assembly, with only 
cursory attention given to the assembly process itself.251 A systematic and fundamental 
study on the molecular assembly of PolyILs as a function of the polymer shape, degree of 
polymerization, and environmental conditions is required if the beneficial IL properties are 
to be exploited to the fullest extent in their polymerized forms.  
Hence, in this chapter, the surface organization of linear and star macromolecules of 
poly[1-(4-vinylbenzyl)-3-butylimidazolium bis- (trifluoromethylsulfonyl)imide] 
(poly(VBBI+TFSI-)) with different molecular weights is investigated (Scheme 3.2). Since 
poly(VBBI+TFSI-)’s polar interactions between its charged units partially balances the 
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hydrophobicity of the TFSI- ion and the repeat unit’s high C/N ratio, its assembly at the 
air-water and air-solid interfaces is first investigated via the formation of Langmuir 
monolayers and their subsequent Langmuir-Blodgett (LB) deposition.252 Secondly, its LbL 
assembly into multilayer films was studied by alternatively depositing the PolyIL with 
poly(styrene sulfonate) (PSS) onto Si substrates using dip-LbL and SA-LbL.156 
5.2 Experimental 
Materials 
Linear poly(styrene sulfonate) (PSS) (Mw = 70,000) was obtained from Aldrich. Linear 
poly(ethyleneimine) (PEI) (Mw = 70,000) was obtained from Polysciences Inc. NaCl was 
obtained from Sigma Aldrich. MeOH was obtained from BDH. All purchased chemicals 
were used as received. The synthesis and characterization of the linear and star 
poly(VBBI+TFSI-) PILs used in this study are described above (Table 3.2). 
Langmuir Monolayers and LB Deposition 
The pressure-area isotherms of polyILs assembled at the air-water interface were recorded 
using the Langmuir minitrough according to the standard procedure. PolyIL monolayers 
were then transferred via the vertical dipping method (from water to air) to silicon 
substrates at a rate of 1 mm/min at different pressures (5 and 20 mN/m). To assess 
monolayer stability and examine the responsive morphologies, LB monolayers were then 
submerged in deionized water and MeOH for ten minutes at room temperature. 
Fabrication of LbL Films 
PSS and PEI were prepared in 0.2 mg/mL aqueous solutions, while all PIL samples were 
dissolved into 0.2 mg/mL MeOH solutions. LbL multilayers were constructed by both dip-
LbL and SA-LbL in accordance to the standard procedure242, 253. To ensure uniform 
coverage and complete charge inversion of the initial layers, PEI was deposited onto the 
cleaned Si wafers first as a prelayer for all samples and washed by water twice, giving the 
substrate a net positive charge. Then, anionic PSS was deposited followed by the positively 
charged PIL sample of interest to form the first complete bilayer. PSS depositions were 
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followed by two washing steps with deionized water while PIL depositions were followed 
by two washing steps with either deionized water or MeOH. The PSS/PIL bilayer step was 
repeated 20 times to complete the PEI-[PSS/PIL]20 sample. The spinning conditions were 
a constant 3000 rpm for 30 seconds for each deposited layer. Washing was performed by 
covering the substrate in H2O or MeOH and spinning with the same conditions twice. 
Dipping conditions involved complete submersion in polyelectrolytes for 10 minutes for 
each respective layer. Washing was conducted by rinsing thoroughly with H2O or MeOH 
twice after each submersion. LbL assemblies were submerged in deionized water or MeOH 
at 60°C for 1h each to examine morphological changes. 
Film Characterization 
Image analysis of the AFM scans, including flattening, roughness calculation, and 
producing fast Fourier transform (FFT) images and radially integrated power spectral 
density (PSD) profiles was performed using Gwyddion 2.45 software. All AFM images 
were first flattened, and roughness values were determined from the root mean square 
average of the height deviation taken from the mean image data plane for both the 10 x 10 
μm2 to 1 x 1 μm2 areas. At least 3-5 independent locations on the sample were scanned and 
averaged for all roughness values. 
To independently verify stable LbL growth of the films, layers were spun cast directly onto 
an ATR crystal (cleaned using the same procedure as the Si wafers) and analyzed using a 
Bruker Vertex 70 FTIR at several different deposition steps. 200 background scans on the 
crystal without the sample was collected, then measurements were performed with 100 
averaged sample scans each with a resolution of 4 cm-1. The contact angle of water on the 
assembled films in air was measured with a KSV CAM101 within 10 s of application of 
the drop, and at least on four separate locations on the sample. 
5.3 Results and Analysis 
Langmuir Monolayers and LB Films 
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The average end-to-end distance R of the LPIL and single arms of the SPILs as well as the 
radius of gyration Rg of the whole molecules were estimated from molecular modelling 
and are summarized in Table 5.1. 
Table 5.1. Molecular dimensions of polyILs. See Table 3.2 molecular characteristics. 
a Determined from extrapolating the steep linear portion of the Langmuir isotherm down to 0 pressure. b 












LPIL 10.5 1.83 13.8 10.0 4.08 
SPIL-1 16.0 2.26 17.4 10.9 1.64 
SPIL-2 16.5 2.29 20.3 12.6 2.00 
SPIL-3 18.6 2.43 29.1 19.7 2.39 
As with all strong polyelectrolytes, PolyILs possess a polar head group associated the 
permanent ion pair in the repeat unit, bestowing a limited hydrophilicity to the IL 
monomers (Scheme 1). As discussed above, however, the ion pair is poorly coordinated 
and composed of the highly hydrophobic TFSI- ion.32, 33, 34 The hydrophobic character is 
enhanced further by the prevalence of alkyl segments adjacent to the ionic moieties and the 
monomer’s high C/N ratio.254 Moreover, it should be noted that the star molecules are 
linked by a β-cyclodextrin (BCD) core which is known to act as a hydrophilic unit in self-
assembled aggregates due to the hydroxyl groups that did not participate in the grafting 
reactions.255 Therefore, it is expected that the macromolecule overall is largely 
hydrophobic (which is manifested in its insolubility in water), but that it also possesses 
limited amphiphilic character due to the charged backbone/core, which should stabilize the 
molecule at the air-water interface.252 
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Pressure-area isotherms for all PolyIL samples exhibit a classical three-phase shape 
throughout the compression of the monolayers, regardless of the topology or size of the 
molecule (Figure 5.1).252 That is, large molecular area gaseous and liquid expanded phases 
are followed by a highly condensed phase and an eventual collapse at pressures just over 
25 mN/m for all PolyIL samples, where the mean molecular area (MMA) of the molecules 
at these phase transitions was dependent on the size of the molecules. To quantify this, the 
limiting MMA was determined by extrapolating the linear portion of the steepest segment 
of the condensed phase portion in the π-A isotherm down to zero surface pressure, in 
accordance to the usual procedure.243, 256, 257, 258, 259, 260 
The results verify that the occupied limiting MMA increased with the size or molecular 
weight of the polymer. On the other hand, if the MMA is normalized with respect to the 
total DP of the polymer, a sense of the effective monomer packing can be ascertained.261 
The inset of Figure 5.1 shows the π-A isotherms normalized with respect to the number of 
Figure 5.1. Surface pressure versus MMA isotherms of linear and star polyILs. Dashed 
lines indicate the linear extrapolations of the condensed phase used for the 
determination of the limiting MMA. The inset shows the same π-A isotherms 
normalized with respect to the number of (VBBI+ TFSI-) repeat units (note the scale of 
the inset is in square angstroms). 
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polyIL repeat units and demonstrates that the SPIL samples occupied much smaller 
interfacial areas on a per monomer basis than the LPIL. The normalized π-A isotherms 
therefore indicate that the SPILs are much more efficiently packed than the LPIL, with 
most monomer units being constrained in the vicinity of the core region.262  The “extended” 
and “random coil” conformations do not represent appropriate models for the two 
dimensional organization of the polyIL monolayers, as their calculated chain dimensions 
are an order of magnitude larger than that determined experimentally from the limiting 
MMA of the π-A isotherms (Table 5.1).  
On the other hand, Rg is shown to agree much better with the observed dimensions, 
suggesting that cooperative molecular motion under compression is best described by 
considering their center of mass, rather than the stretched or coiled arms. This is interesting 
when compared to the assembly of traditional polyelectrolytes which are known to possess 
collapsed, globular conformations when hydrophobic interactions persist, but extend from 
Coulombic repulsion and excluded volume effects of the solvated side groups in the highly 
charged state.243,245,259 That extended conformations are not observed here suggests that 
hydrophobic interactions dominate over the Coulombic repulsions, as tested by varying the 
salt concentration of the subphase to shield electrostatic forces and observing no change in 
the condensed phase (data not shown). Note that for the linear PolyIL, even Rg appears to 
be an overestimation of the 2D dimensions, suggesting collapsed chain conformations, 
extensive inter-chain aggregation, and molecular overlap in the linear PolyIL assemblies. 
To test the monolayer stability, the PolyIL dispersions were subjected to several 
compression/expansion cycles (Figure S5.1).  The hysteresis curve for the star PolyILs 
exhibited superimposable compression/expansion in the condensed region, while the linear 
sample showed changing molecular areas at maximum compression for each cycle. It can 
therefore be concluded that the star PolyILs form stable condensed Langmuir monolayers, 
whereas monolayers formed by their linear analogue are susceptible to metastable changes 
under compression.261 The difference in stability can be ascribed to the compact shape and 
dense packing of functional terminal groups of the star molecule which prevents the 
irreversible small-scale aggregation associated with its linear counterpart at very high 
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surface pressures. Additionally, the BCD serving as the star core acts as an anchor to the 
subphase.255 
Surface Morphology of Monolayers 
PolyIL Langmuir monolayers deposited at surface pressures corresponding to both the 
liquid expanded (5 mN/m) and condensed (20 mN/m) phases possess regularly scattered 
granules of aggregated PolyIL chains with variable surface roughness (Figures 5.2, 5.3, 
S5.3, S5.4). Despite the extremely thin thicknesses of these films (~1-2 nm, as measured 
by ellipsometry), the uniform coverage of the surface is sufficient to yield hydrophobic 
ultrathin films with contact angles of 72-81° (Figure 5.3). The high surface roughness for 
the linear molecule for low pressures is consistent with observations of a more entangled 
and aggregated organization in the liquid expanded phase described above. 
It is also apparent that the star molecule with the lowest DP, SPIL-1, shows the most 
distinct surface morphologies. Specifically, in the liquid expanded phase, the monolayer 
adopts a remarkably smooth surface which transitions into a highly rough, corrugated 
structure with pronounced ridges in the condensed phase (Figures 5.2b, 5.2f, 5.3). As the 
molecular weight of the arms increases—as for SPIL-2 and SPIL-3—surface morphology 
resembles the granular structure observed in the LPIL.  For SPIL-2 and SPIL-3, the 
Figure 5.2. AFM topography images of LB monolayers deposited at a surface pressure 
of 5 mN/m (a-d) and 20 mN/m (e-h). The scale bar is 100 nm; the Z scale is 3 nm.  
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increase in roughness can be associated with corrugation caused by high internal film 
stresses and pre-collapsed regions, whereas the roughness with SPIL-1 is dominated by a 
distinct structural transition.  
The responsivity of these monolayers was investigated by submerging the monolayers in 
water for 10 min, drying and scanning with AFM, and subsequently repeating these steps 
with submersion in methanol (Figure 5.4). Interestingly, upon water submersion almost all 
monolayers displayed a transition with an apparent dewetting of the film into polymeric 
droplets of approximate height 3.67 ± 0.9 nm with peak separations of 41.1 ± 9.2 nm, 
corresponding to droplet a droplet surface density of ~770 μm-2.  
Such high-density arrays of nanoscale droplets are probably accessible here due to the 
presence of strong electrostatic interactions to the silicon surface as well as the molecularly 
thin dimensions of the film wherein extensive, long-range migration is prohibited.263  
Given the scanned area of the AFM image A, the number of polymeric droplets within that 
area Nd, and the MMA σ of each molecule in its Langmuir monolayer, the average number 
of molecules per droplet may be estimated from the relation: Γ= A/(Ndσ).
243, 264 Each droplet 
contained approximately 70 star molecules (Figure 5.4b) or about 100 molecules of the 
linear analogue (data not shown). The lower aggregation number for star PolyILs is again 
consistent with the assertion that star topologies can limit interchain entanglement involved 
Figure 5.3. (a) Roughness values corresponding to the AFM topography images and 
contact angle measurements of LB monolayers deposited at a surface pressure of 5 
mN/m (red) and 20 mN/m (blue). (b) The corresponding contact angle measurements. 
Reported Rq values are collected from 1 x 1 μm
2 scan areas. 
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in the collective dewetting into dense droplets. Moreover, it is demonstrated that 
subsequent submersion of the monolayers back into MeOH for 10 min results in a transition 
back to a uniform monolayer (Figure 5.4c). These transitions are reversible for 2-3 cycles, 
before irreversible dissolution of the absorbed PolyIL molecules. 
The isotropic and highly ordered nature of the pattern is evidenced by the radial symmetry 
and a well-defined ring respectively in the 2D FFT of the topographical image of the 
hydrophobic droplets (Figure 4b, inset).265 The integrated radial power spectral density 
(PSD) function can be used to select out a dominate isotropic wave vector q*.266, 267 The 
PSD profiles for the smooth monolayers are featureless, whereas that for the water-
submerged film shows a pronounced peak at q*~0.14 nm-1, or an in-plane correlation 
Figure 5.4. AFM topography images (a-c) of LB monolayers of SPIL-3 deposited at a 
surface pressure of 5 mN/m as-assembled (a), after 10 min submersion in water (b), and 
after a subsequent 10 min submersion in MeOH (c). (d) PSD profiles corresponding to 
the AFM images, with the inset displaying a height profile. The inset of (b) is the FFT 
image of the topography scan. The scale bar for the topography images is 100 nm; the 
Z scale is 3 nm.  
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length of Λ = 2π/q*~46 nm, which corresponds to the nearest distance of short-range 
ordered droplets (Figure 5.4d).  
Assembly of LbL Films 
The linear polyIL spin-casted from diluted solution formed polymeric droplets of height 
5.0 ± 2.0 nm similar to those observed from the PolyIL monolayers (Figure 5.5). FFT 
analysis revealed a decreased q*, or an increased correlation length of Λ = 63 nm. 
Furthermore, the star PolyILs—regardless of molecular weight—yielded interconnected 
aggregates of droplet clusters which are quite distinct from the LB monolayers (Figure 
5.5b). As is known, an initial “spin-off” stage of polymer solution is immediately followed 
by a film thinning stage in which outward air-shearing and centrifugal forces are balanced 
by viscous forces near the substrate, all of which secure the fluid layer in place while rapid 
solvent evaporation quickly increases the PolyIL concentration until precipitation and solid 
film formation.164,165 The dewetting rate of fluids is determined by a competition between 
capillary forces driven by upward solvent evaporation in addition to the interfacial tension 
of the PolyIL and viscous flow.268 Star polymer solutions are known to be less viscous than 
their linear analogues due to the compact shape and smaller hydrodynamic radius of star 
molecules, and so it is likely that their higher mobility resulted in an increased dewetting 
stage.  
 
Figure 5.5. AFM images of dilute spin casting of LPIL (a) and SPIL-2 (b) onto bare Si 
substrates. Scale bar is 200 nm; Z scale is 5 nm. 
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PolyIL LbL films were assembled under a variety of different processing conditions using 
PSS as the strong negatively charged counterpart for the positively charged imidazolium 
cations. Stable LbL growth of the PEI-[PSS/PIL]20 LbL assemblies is demonstrated by SE 
(Figure 5.6a) and ATR-FTIR (Figure S5.5), which show monotonically increasing 
thicknesses and mass deposition, respectively, as more layers are added. Moreover, 
assemblies constructed without salt show a highly linear thickness dependence on 
deposition cycle. This behavior is in contrast to studies which have shown polyelectrolytes 
with more cosmotropic anions (small hydration shells) capable of inducing exponential 
growth during LbL assembly.269 Furthermore, contact angle measurements clearly 
demonstrate the alternating hydrophilic/hydrophobic character of the film following the 
buildup of sequential PSS/PIL bilayers, with contact angles of ~70-75° for PIL-capped 
films and ~40-55° for the PSS-capped films (Figure 5.6b). 
Interestingly, the lower bound of the contact angle during PSS deposition is observed to 
increase with the bilayer number, suggesting a regular incorporation of TFSI- counterions 
that are free to diffuse throughout the multilayer structure, thereby rendering the top layer 
more hydrophobic than a pure PSS film. At around 3 bilayers, the overall surface 
Figure 5.6. (a) Thickness of PEI-[PSS/LPIL]20 LbL films vs the number of bilayers 
assembled by dip-LbL (black), SA-LbL with MeOH washing steps (red), SA-LbL with 
H2O washing steps (blue), and SA-LbL with H2O washing steps where all 
polymer/washing solutions were adjusted to 0.01 M NaCl (green). Solid and dashed 
lines denote linear and exponential fits to the data, respectively. (b) Contact angle 
measurements of PEI-[PSS/SPIL-2]20 as a function of the number of bilayers. 
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hydrophobicity appears to saturate for PSS-capped structures, indicating that an 
equilibrium concentration of counterions at the surface has been obtained. 
In the ATR-FTIR spectra, the absorption peak at 1192 cm-1 is ascribed to the TFSI- anion, 
whereas 2928 cm-1 and 3150 cm-1 designate respectively the C-H stretching vibration 
modes of the alkyl chains and imidazole ring corresponding to the VBBI+ repeat unit.270 
The linear increase of the imidazole signal suggests a constant increase in mass per polyIL 
layer, whereas the sub-linear increase in the TFSI- signal provides further evidence of a 
gradual incorporation of counterions—referred to as extrinsic doping—which indicates 
that the fraction of complexed chains in the LbL assembly is decreasing with the number 
of bilayers.271, 272 The exponential increase in counterion absorption with bilayer number 
is consistent with studies purporting a similar counterion charge density profile as a 
function of deposition cycle in strong polyelectrolytes at high salt content.273 However, it 
is interesting that the same PolyIL counterion incorporation is observed here without any 
added salt, and is probably related to the strong binding affinity of the poorly hydrated 
TFSI- anion. The presence of the counterions within the structure will obviously affect the 
film properties, as reflected in the relatively large contact angle of the LbL films (Figures 
5.6b). Film thickness, roughness, and contact angle measurements for LbL multilayers 
assembled under different preparation conditions are summarized in a comprehensive table 
in the supporting information (Table S1). 
Clearly, the assembly conditions play a crucial role in determining the growth mode and 
final thickness. For example, using dip-LbL assembly to construct the films resulted in 
extremely thin films (4.8 ± 0.6 and 4.4 ± 0.4 nm for 20-bilayer LPIL and SPIL-2, 
respectively). Hence, at these concentrations, desorption and partial film dissolution 
facilitated by the high energy barrier to releasing TFSI- anions and hydrophobic 
aggregation of PolyIL molecules in the aqueous environment is likely occurring.274 This is 
supported by AFM images of the dip-LbL films, in which small but regularly dispersed 
aggregates appear at the surface (Figure S5.6). In contrast, SA-LbL assembly is more 
effective in producing thicker films ranging from 18 to 30 nm for 20 bilayer films (Table 
S5.1).  
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For SA-LbL films, a drastic decrease in growth rate and final roughness was observed if 
the PolyIL layers were washed with MeOH instead of H2O (Figures 5.6a and Table S5.1). 
This is a consequence the PolyIL’s insolubility in water, which resulted in incomplete 
washing of PolyIL chains that may not necessarily be complexed into the LbL film; uneven 
growth and coiled structures on the surface lead to thicker films.165 On the other hand, 
MeOH is capable of dissolving the extraneous PolyILs and therefore yields much thinner 
and smoother surfaces. It should also be mentioned here that the structures are extremely 
sensitive to the ionic strength of solutions used in the assembly procedure. At just 0.01 M 
NaCl, the growth mode exhibits a transition from exponential to linear growth after about 
8 bilayers assembly (Figure 5.6).  The final thicknesses of LPIL and SPIL-2 LbL 
assemblies increased to 43.3 ± 4.0 and 42.9 ±1.2 nm respectively, accompanied by a 
dramatic increase in surface roughness (Table S5.1). Finally, it is noted that—as with 
studies of traditional polyelectrolyte LbL assembly273—the molecular weight and topology 
of the PolyIL molecules appear to have a negligible effect on the growth mode and film 
thickness. However, the film morphology was significantly influenced, as discussed below 
(Figure S5.7). 
LbL Film Morphology 
Various surface morphologies were observed for LbL films depending on the assembly 
procedure, topology, and molecular weight, with all exhibiting a highly textured surface of 
regularly dispersed spherical granules at the nanoscale (Figure 5.7).  As molecular weight 
of the star PolyILs increases, the formation of highly porous morphology becomes more 
prevalent. This is to be compared to the linear PolyIL LbL film, in which more uniform 
films with minimal lateral reorganization (low density of defects) is observed. Similar 
trends are observed in the corresponding phase images of the water washed LbL films, 
which reveals an interconnected network of the granules for the linear PolyIL in contrast 
to highly segregated granular domains for star PILs that combine for higher molecular 
weight PolyILs (Figure 5.8).  
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As with the Langmuir monolayers, the organization of these features can be characterized 
by examining the radially integrated PSD profiles which feature more pronounced peak 
intensities at both the nano- and microscale as molecular weight increases (Figures S5.8, 
Figure 5.7. AFM topography images of PEI-[PSS/PIL]20 containing (a,e) LPIL, (b,f) 
SPIL-1, (c,g) SPIL-2, (d,h) SPIL-3, where all layers were washed with water. Scale bar 
for (a-e) is 100 nm; scale bar for (e-h) is 1 μm. Z scale is 20 nm for all AFM images. 
 
Figure 5.8. AFM phase images of SA-LbL PEI-[PSS/PIL]20 containing (a) LPIL (b) 
SPIL-1 (c) SPIL-2 (d) SPIL-3 with water washing used in the assembly. Scale bar is 
100 nm. Z scale is 30°. 
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S5.9). Note that the dimensions of the scan image used in generating the PSD function will 
determine the feature being inspected; for 1 x 1 μm2 scans, the dominate contribution will 
be the peak-to-peak distances of the nanoscale granular structures or undulations Λ267, 275 
whereas the 10 x 10 μm2 images are dominated by the density and size of dewetted pores266. 
This difference explains the large disparity between the peak locations in the PSD profiles: 
for smaller scan areas, the PSD peak intensity is small and broad for the lowest molecular 
weight star PILs, and appears to increase and sharpen at ~0.06 nm-1, corresponding to inter-
granular distances of around 100 nm. LPIL, however, shows an intermediate peak 
displaced at ~0.1 nm-1 (Λ=63 nm), suggesting that linear molecules assemble into smaller 
surface undulations.  
On the other hand, large scan areas reveal no peaks for LPIL and SPIL-1, consistent with 
the fact that no pore formation and few defects were observed from AFM images. 
However, SPIL-2 PSD profile shows a broad peak at about 0.046 nm-1 (hole diameters of 
~136 nm) while the peaks are significantly enhanced and split (q1 = 0.004 nm
-1, q2 = 0.0125 
nm-1, q3 = 0.0205 nm
-1) for SPIL-3, representing the high-density multi-mode distribution 
of regularly dispersed pores (d1 = 1570 nm, d2 = 503 nm, d3 = 307 nm). Accordingly, a 
consistent increase in surface roughness is observed at both length scales for the star 
molecules as molecular weight increases (Figure 5.9). The rougher samples were also 
associated with higher contact angles as well. 
Figure 5.9. Roughness values (10 x 10 μm2) (a) PEI-[PSS/PIL]20 LbL films where PIL 
layers were washed with water (black) and methanol (green), and the associated contact 
angle measurements (b). 
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This is to be contrasted with the AFM images of the MeOH washed systems (Figure S5.10), 
which feature much smaller densities of smaller pores throughout the higher molecular 
weight films. This is consistent with the fact that the MeOH-washed samples show much 
flatter PSD profiles and smaller roughness values than do the water washed samples 
(Figures S5.9). These topological measurements can be compared to those of perforated 
LbL membranes fabricated by the dewetting of polyelectrolyte solutions on hydrophobic 
surfaces.276 In comparison, the assemblies produced in this work are found to have 
roughness values up to twice as large for the star polyILs, indicating that mechanisms other 
than partial phase separation are generating the porous morphology (see general discussion 
below). 
Figures S11 and S12 show the AFM images and PSD plots of the LPIL LbL films (from 
Figure 5.8) after being subjected to water submersion for 1 hour, followed by submersion 
in MeOH for 1 hour. Inter-granular dimensions for the linear PolyIL showed negligible 
shift (~60 nm) and became more pronounced upon water submersion, as shown in the PSD 
profile (Figure S12). This correlation length is slightly larger than—but on the same 
order—as those found from the LB monolayer for the linear PolyIL (about 36 nm). As in 
the case of the monolayers, subsequent immersion into MeOH completely erased the lateral 
correlations for granular texture, resulting in a marked decrease in surface roughness from 
3.8 ± 0.2 nm to 1.3 ± 0.2 nm (1 x 1 μm2 area). The similar dimensions and responsivity 
suggests that PolyIL molecules within LbL films organize themselves in a similar manner 
to those in the 2D monolayers. It is emphasized that the responsivity of PolyIL LbL films 
to ionic strength and environment can be combined to produce a variety of structures, 
ranging from molecularly smooth films formed from linear PILs in the absence of salt 
(Figure S11) to extremely rough and hierarchically porous, sponge-like morphologies of 
linear and star PolyILs assembled at 0.01 M NaCl (Figure 5.10). 
Lastly, to explore the transition from single layer PolyILs to fully integrated multilayer 
structures, AFM images and corresponding Rq values and PSD profiles were collected 
throughout the LbL process (Figure S5.13). As the number of bilayers increases, surface 
granules are seen to grow more prominent, with an associated increase in surface 
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roughness.  Interestingly, at around 15 bilayers, surface pitting is observed, which could be 
the early stages of the pore nucleation in the LbL films. 
5.4 General Discussion and Conclusions 
Throughout this study, the morphology of PolyILs within LB monolayers and LbL films 
has been shown to depend extensively on the interplay of electrostatic and hydrophobic 
interactions, as well as on how the molecular structure, size, and film environment 
influence this balance during the assembly process. Within Langmuir monolayers, the 
PolyIL molecules were observed to cooperatively assemble with tightly collapsed arms 
with their mean molecular surface dimensions closest to that of their estimated radius of 
gyration. It should be noted that most branched amphiphilic molecules studied at the air-
water interface are usually synthesized such that they have clearly defined and localized 
hydrophobic/hydrophilic segments; that is, they typically are miktoarm stars277, block 
copolymers259, 261, star graft copolymers243, 256, and hyperbranched/dendritic molecules257, 
260 in which the different cores, arms, block segments, and grafts are chemically distinct 
with different degrees of hydrophobicity/hydrophilicity. In this sense, these PolyIL 
Figure 5.10. SA-LbL PEI-[PSS/LPIL]20 (a,b) and PEI-[PSS/SPIL-2]20 (c,d) as 
assembled at 0.01M NaCl and with water washing conditions (a,c), after 1 h immersion 




molecules are unique in that they have a “delocalized” amphiphilicity where the 
hydrophobic and hydrophilic balance is contested all the way down to the monomer 
scale.258  
The observed collapsed morphologies are in stark contrast to that of ordinary strong 
polyelectrolytes, which tend to adopt stretched conformations to minimize electrostatic 
energy of the charged functional groups.  Here, the large TFSI- anion with its small 
hydration shell exhibits a strong interaction with the PolyIL chains at the interface, bridging 
their hydration shells and inducing a pronounced decrease in chain dimensions.  Evidently, 
the hydrophobic interactions inherent to the unique chemistry of ILs appear to dominate 
repulsive electrostatic interactions, despite the fact that the PolyILs are strong 
polyelectrolytes. This leads to a significant collapse, densification, and overlap between 
PolyIL chains at the interface, which in turn leads to the deposition of uniform, 
predominantly hydrophobic LB monolayers. Evidently, the PolyIL counterion (TFSI-) is a 
critical agent that can be used to guide the assembly behavior.277  
The PolyIL monolayers were highly susceptible to environmental changes; water 
submersion resulted in the reorganization of the uniform monolayer into regularly 
dispersed polymeric nanodroplets. Similar dewetting angles to previous studies suggest 
that stress relaxation to autocondensation mechanism is responsible for the dewetting.247 
However, the response was instigated here due to a change in environment in which the 
film thickness was restricted to molecular dimensions. Enhanced molecular control of the 
system thereby resulted in a monodisperse array of nanoscale aggregates with a 
characteristic length scale (intergranular distance) on the order of tens of nanometers—
reminiscent of “spinodal dewetting”.275 Surface instabilities, structural relaxation, and 
capillary forces mediated by electrostatic and hydrophobic interactions all likely play roles 
in the migration of molecules and the resultant short-range lateral organization. But control 
of the feature sizes <100 nm with such a high surface density (two orders of magnitude 
higher than other dewetting mechanisms)263 without the use of a template as observed here, 
in addition to their stimuli-responsive organization, does not appear to have been reported 
before using dewetting or anion-exchange procedures.  
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Interestingly, the results presented here demonstrate that PolyIL assembly characteristics 
as monolayers can be carried over to their integration into thicker LbL multilayers with 
control over the vertical and lateral organization. Therefore, the key component responsible 
for the similar physical interactions is likely the inclusion of the hydrophobic TFSI- ions 
(Figures 5.6, S5.5). The incomplete dissociation of TFSI- counterions upon PolyIL 
complexation within LbL multilayers is consistent with the hydration shell bridging effect, 
similar to the Langmuir monolayers. We suggest that for PSS-PolyIL complexation, the 
local aqueous environment associated with hydrated sulfonate groups will cause a 
retraction of PolyIL functional groups facilitated by the hydrophobic counterions, thereby 
decreasing the number of complexed linkages. Just as in the LB monolayers, the presence 
of these counterions in the multilayers will play a considerable role in the final film 
morphology, as observed in the wide diversity of surface structure, correlation length scale, 
roughness, and thickness achieved from different assembly conditions. Unique to the LbL 
films, however, was the opportunity to produce well-defined, stratified LbL multilayers in 
which one could induce long-range molecular migration to reversibly form porous 
morphologies and interconnected networks. 
We propose that as the PSS aqueous solution is added to the substrate, exposed PolyIL 
segments will immediately contract as controlled by the TFSI- ions. Following this, 
dissociated VBBI+ pendants will then coordinate with the free PSS chains in solution to 
form complex granules at the surface (Scheme 5.2). 
Scheme 5.2. Illustration of the step by step LbL deposition process of the immiscible 
PIL/PE components. Note that the PEI prelayer and counterions are excluded for clarity. 
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The PolyIL chains within these aggregates are then pinned into place by the ionic crosslinks 
joining the PolyIL molecules to the neighboring PSS layers. These constraints prevent 
expansion and reorganization of the PolyIL chains to a neat stratified layer during the next 
PolyIL deposition. In this manner, surface undulations will emerge and grow with each 
subsequent deposition, progressively increasing the surface roughness (Figure S13). This 
schematic also explains why the correlation length—distances between the surface 
granules within LbL multilayers—is almost twice that of the monolayers. The polymeric 
droplets which form in the LB monolayers are, throughout the LbL process, restrained by 
complexing PSS chains in the thicker LbL bilayers. As more layers are deposited, the 
characteristic wavelengths associated with the short-range ordered hydrophobic granules 
begin to emerge265, and continuously shift to lower wavevectors reflecting the larger 
distances between the surface granules (Scheme 2). After a certain number of deposition 
cycles, deep surface pits with diameter on the order of a few hundred nanometers appear 
to emerge, manifesting the long-range structural reorganization of these regularly dispersed 
surface granules. 
Polyelectrolyte complexation is known to occur via two extreme processes: “ladder-like” 
organization in which two oppositely charged polyelectrolytes linearly align to 
cooperatively stitch functional groups and the “scrambled salt” organization where 
multiple chains assume a stochastic pairing of ionic groups.278 Given the topological 
mismatch of linear PSS/star PolyIL chains, the mechanism of association is likely 
dominated by the latter process, giving star molecules more freedom to detach and 
reorganize large segments into more energetically favorable conformations. It follows that 
star PolyILs, having a lower degree of ionic cross-linking and hastened interdiffusion, 
exhibit higher mobility during the spin-casting process. The resulting long-range migration 
into advanced dewetted structures at star PolyIL surfaces contrast considerably to the 
morphology observed in the linear analogues (Figure 5.5).242  
In addition to capillary forces, residual stresses in confined, kinetically arrested systems 
have been shown to act as an extra driving force for dewetting.279, 280 The fast evaporation 
of polymer solution effectively freezes chains into non-equilibrium, entangled 
configurations as the mixture passes through its glass transition, storing elastic energy that 
 78 
can serve as a destabilizing factor in shrinking the film volume over time. Moreover, 
confinement of the polyelectrolytes into ultrathin glass layers at the interface is imposed 
by strong electrostatic interactions of the charged units within polyelectrolyte complexes, 
which restricts polymer chains from assuming entropically favored configurations of the 
melt state.280 Supplementary sources of stress in the final LbL films is likely produced by 
the cyclic swelling/collapsing perturbations imposed on these crosslinks throughout the 
LbL assembly.281 A glassy matrix would also seem to explain why the pore size distribution 
exhibited negligible changes following solvent annealing wherein long-range migration is 
inhibited by frozen mobility. 
The results presented in this work point towards the combined effects of high star mobility 
in the casting process with large residual stresses generated by the long, entangled frozen 
arms as the likely driving forces to long-range restructuring of the surface into granular 
and porous morphologies of higher molecular weight PolyILs. Increasing the degree of 
polymerization of the star molecules results in a greater stored elastic energy, larger 
deformation of the PolyIL surface, and therefore the greatest density and size of nucleated 
holes as well as roughness and contact angle (Figure 5.9). Increasing the molecular 
mobility through salt addition or producing more surface aggregations via water washing 
steps are shown to be additional routes to facilitating lateral restructuring in PolyIL LbL 
films, regardless of the molecular weight and topology. It should be emphasized that 
previous studies of polymer thin film dewetting either require thermal annealing.266  In 
contrast, no special post-assembly treatment was required to induce restructuring of LbL 
films, which is likely a consequence of its already low Tg inherent to PolyILs (for 
poly(VBBI+TFSI-), Tg~0 °C). 
It should be added that the assembly of LbL films incorporating a highly hydrophobic, 
compartmentalized component has rarely been demonstrated. Rouse and Ferguson showed 
that hydrophobic polystyrene (PS) could be incorporated in a stepwise fashion282, but in 
that study PS was not one of the intrinsic components but an extrinsic “interlayer” that 
attenuated subsequent growth. The regular and stable growth of alternating hydrophilic 
polyelectrolyte and hydrophobic PolyIL components demonstrated here should be useful 
for generating compartmentalized films. It is also shown that lateral organization can be 
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induced towards both porous and smooth, stratified films via dewetting mechanisms. Zhao 
et al. have shown PolyIL-based LbL to be a promising method for generating nitrogen-
doped capsules with high surface area251; this work illustrates how knowledge of the 
assembly behavior specific to PolyILs can be used to provide additional handles on the 
nanoscale texture and thickness of such capsules. Moreover, controlling the pore size 
distribution in nanofabricated films enables their prospective application to molecular 
separation membranes with tunable nanostructures and uniform separation.276 Establishing 
lateral control of LbL structures is generally relevant to applications in which transport 
properties require organization of the microstructure at the nanometer scale. 106,283  
In summary, the various inter- and intramolecular forces governing the stimuli-responsive 
chain conformations of PolyILs were examined in regards to controlling their assembly at 
interfaces and within three dimensional multilayers at both the nano- and microscale. 
Successful formation of stable star PolyIL and metastable linear PolyIL Langmuir 
monolayers at the air-water interface is demonstrated. It was shown that size and packing 
efficiency significantly depend on the molecular topology as well as molecular weight. 
Monolayers were then transferred to solid substrates to form hydrophobic, molecularly thin 
films with peculiar reversible stimuli-responsive behavior; exposure to water disrupted the 
hydrophobic and electrostatic interactions of PolyIL molecules to condense the monolayer 
into regular, monodisperse polymeric nanodroplets with a correlation length scale below 
100 nm. This reorganization could be programmed by the deposition pressure and 
molecular topology. Furthermore, it was demonstrated that unique chemical nature of the 
hydrophobic PolyIL molecules could be combined with PSS to form robust, 
compartmentalized LbL membranes of hydrophobic character, distinct from conventional 
polyelectrolyte-based LbL films. The assembly procedure, ionic strength, molecular 
architecture of the PolyILs, and post-treatment of the as-assembled films can be exploited 
to tailor the final morphology, porosity, and thickness. The PolyIL assemblies explored in 
this study are relevant to the guided design of sophisticated coatings and nanostructured 




Chapter 5 Appendix: Supporting Information 
Calculation of Macromolecular Dimensions 
End-to-end molecular dimensions R of linear PIL chains were calculated using Materials 
Studio Software according to the usual procedure.284 From the calculated R value of the 
random coil linear molecule, the statistical monomer length b (~1.15 nm) can be 
ascertained based on its degree of polymerization N. This in turn allows for the 
determination of the radius of gyration Rg for linear chains assuming random walk 





  (5.1) 
For star macromolecules with f arms, the linear and branched Rg values can be related from 
the ratio: 







   (5.2) 
thereby allowing for a simple estimation of the radius of gyration of the star PILs in this 
report.285 Note that this model makes the assumption that excluded volume effects for 
branched molecules are similar to those in their linear analogues. Furthermore, it is also 
assumed for these calculations that full initiation of the polyILs from all 14 initiating arms 
occurred. This is justified by the well-defined star architectures and low polydispersity in 
arm lengths as measured by GPC of star polymers and their cleaved arms formed via ATRP 
from BCD cores in similar studies.286 
Pressure-Area Isotherms 
An increase in surface pressure of the gaseous phase following the initial compression was 
observed for all samples, indicating a residual surface tension in the monolayer (Figure 
S5.1). This tension is likely a product of strong secondary intermolecular forces that lead 
to enhanced hydrophobic interactions and chain entanglement.284 The residual pressure 
disappears only at very large expansions, suggesting that intermingled molecules are 
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kinetically locked together upon expansion, and only after sufficiently long times can they 
recover their initial conformation. This is supported by AFM phase images of LB 




Figure S5.1. Compression/expansion hysteresis pressure-area isotherms of the linear 
(a) and a star (b) PIL sample. Solid and dashed lines indicate compressions and 
expansions, respectively. Black, red, and blue curves represent the first, second, and 
third cycles, respectively. 
Figure S5.2. High resolution AFM phase images of LB monolayers of SPIL-2 in the 
gaseous phase before (a) and after (b) the first compression/expansion at the same 




Figure S5.3. AFM phase images of LB monolayers LPIL (a), SPIL-1 (b), SPIL-2 (c), 
and SPIL-3 (d) at a surface pressure of 5 mN/m. Scale bar is 100 nm; Z scale is 5°. 
Figure S5.4. AFM phase images of LB monolayers LPIL (a), SPIL-1 (b), SPIL-2 (c), 
and SPIL-3 (d) at a surface pressure of 20 mN/m. Scale bar is 100 nm; Z scale is 15°. 
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1μm x 1μm 
Rq (nm) 







LPIL 0.14 ± 0.01 4.8 ± 0.6 1.3 ± 0.4 1.8 ± 0.3 67.6 ± 2.4 




LPIL 0.89 ± 0.01 18.4 ± 0.7 3.3 ± 0.4 3.4 ± 0.4 70.9 ± 2.9 
SPIL-1 0.97 ± 0.01 21. 4 ± 0.9 1.5 ± 0.3 1.7 ± 0.4 72.5 ± 3.0 
SPIL-2 0.89 ± 0.01 16.9 ± 0.8 2.5 ± 0.4 3.2 ± 0.6 70.6 ± 0.8 
SPIL-3 1.10 ± 0.01 24.0 ± 1.5 1.8 ± 0.4 2.5 ± 0.4 75.2 ± 1.3 
SA-LbL 
H2O Wash 
LPIL 1.49 ± 0.03 30.7 ± 2.1 4.6 ± 1.4 3.6 ± 0.5 72.3 ± 1.8 
SPIL-1 1.45 ± 0.21 28.8 ± 0.6 3.8 ± 1.6 3.4 ± 1.2 74.3 ± 1.5 
SPIL-2 1.84 ± 0.02 27.8 ± 6.6 5.8 ± 1.9 5.7 ± 1.5 79.8 ± 1.3 




LPIL 2.27 ± 0.06 43.3  ± 4.0 8.2 ± 2.1 10.9 ± 2.3 70.6 ± 2.2 
















Figure S5.5. ATR-FTIR spectra (a) measured from a bare Si substrate (black) and 20 
bilayer PSS/SPIL-2 LbL films (red). Peak absorbance values corresponding to the 
VBBI+ repeat unit (black) and the TFSI- anion (blue) are displayed as a function of the 
bilayer number (b). Note that FTIR measurements were performed for both PSS-capped 
(half integer number of bilayers) and SPIL-capped (integer) films. The black and blue 
lines denote linear and exponential fits to the data, respectively. 
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Figure S5.6. (a,b,d,e) AFM topography and (c,f) phase images for dip-LbL PEI-
[PSS/PIL]20 films containing (a-c) LPIL and (d-f) SPIL-2. PSS layers were washed with 
water; PIL layers were washed with MeOH. Scale bar for (a,c,d,f) is 100 nm; scale bar 
for (b,e) is 1 μm. Z scale is 6 nm for topography images and 7° for phase images. 
Figure S5.7. Thicknesses of SA-LbL films as a function molecular weight. Open and 





Figure S5.8. Radially integrated PSD profiles corresponding to 1 x 1 μm2 AFM scans 
of SA-LbL films washed by water. 
Figure S5.9. Radially integrated PSD profiles corresponding to 10 x 10 μm2 AFM scans 
of SA-LbL films washed by water (solid lines) and methanol (dashed lines). 
 
 87 
Figure S5.11. SA-LbL PEI-[PSS/LPIL]20 (a,b) and PEI-[PSS/SPIL-2]20 (c,d), after 1 h 
immersion in water (a,c), and then after 1 h in MeOH (b,d). Scale bar is 100 nm; Z scale 
is 20 nm.  
Figure S5.10. AFM topography images of SA-LbL PEI-[PSS/PIL]20 film containing 
(a,e) LPIL, (b,f) SPIL-1, (c,g) SPIL-2, (d,h) SPIL-3. PSS layers were washed with 
water; polyIL layers were washed with MeOH. Scale bar for (a-e) is 100 nm; scale bar 
for (e-h) is 1 μm. Z scale is 10 nm for top; 15nm for bottom. 
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Figure S5.12. Radially integrated PSD profiles corresponding to 1 x 1 μm2 AFM scans 
of as-assembled SA-LbL films washed by water (black line), followed by water 
submersion (red line), and then MeOH submersion (blue line). 
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Figure S5.13. AFM topographical images of SA-LbL PEI-[PSS/SPIL-2] with one 
complete bilayer (a), 5 bilayers (b), 10 bilayers (c), and 15 bilayers (d), and their 
corresponding PSD profiles (e). Inset of (e) shows Rq as a function of the number of 
bilayers, collected from 5 independent 1 x 1 μm2 scanning areas. Scale bar is 100 nm; 
Z scale is 6 nm. 
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CHAPTER 6. VISCOELASTIC PROPERTIES AND ION 
DYNAMICS IN STAR-SHAPED POLYMERIZED IONIC 
LIQUIDS 
6.1 Introduction 
Solid polymer electrolytes are central to the design of many functional ionic materials due 
to their ability to perform the primary function of their low molecular weight analogues 
(e.g., ion transport) while improving upon their thermal, mechanical, and electrochemical 
stability, in addition to overall safety.287 The ionic and viscoelastic duality of PolyILs has 
therefore been variously exploited in the design of flexible supercapacitors, soft actuators, 
responsive hydrogels, thin film transistors, gas separation membranes, and redox-active 
materials.288,289,290,291,292,293 Due to the polymerization and single-ion conductivity inherent 
to PolyILs, the viscoelasticity, gas permeability, and other physical properties of ILs can 
potentially be tailored independently of the ion transport. 
Recent studies of chain rigidity, molecular weight, chemical constitution, counterion type, 
and monomer structure reveal a diverse range of melt morphologies and dynamic 
properties of PolyILs.294,295,296,297,298,299,300,301,302,303,304,305,306,307,308 In contrast, the role of 
star polymer architecture on the morphology and dynamic behavior has received 
comparatively little attention.309,310,311 Few relationships between the branching 
architecture and ion transport have been established. For example, the opposing 
contributions of ion density and chain flexibility have been proposed to be important 
considerations but have not been thoroughly explored.312  
Star-shaped polymers are particularly interesting because at different length scales, the 
monomers, arms, and macromolecule will influence the segmental, chain, and ‘particle-
like’ ordering respectively. Depending on the star functionality f and arm length Narm, 
organization in melts can result in hierarchical relaxation processes with distinct dynamic 
behavior.313,314,315,316,317,318,319 For instance, the coupling between the retracting chain-like 
arms and rigid cores in polymers with high branching ratios f/Na can greatly enhance melt 
elasticity while having a relatively limited effect on viscosity.319,320  Moreover, nonuniform 
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segmental densities, intermolecular entropic repulsions, and anomalous packing of 
branched polymers have been reported to influence the glass transition temperature, 
fragility, structural organization, and ion confinement.309,319,321,322,323,324,325,326 To date, little 
is known regarding how the different dynamics and thermomechanical behavior of neutral 
or traditional polyelectrolyte stars translate to PolyIL systems. In this chapter, we ascertain 
the role of star polymer architecture on the dynamics, mechanical properties, and single-
ion conductivity in PolyILs by examining the viscoelastic and dielectric response of several 
imidazolium-based, linear and star-shaped macromolecules with different molecular 
weights. 
6.2 Experimental 
Film Preparation for FTIR and AFM 
PolyILs were dissolved in methanol (10 mg/mL) and spin-coated on cleaned silicon wafers 
(AFM) and an ATR crystal (FTIR) and air dried to form PolyIL films with microscale 
thickness. Afterward, the samples were thermally annealed at 100 ℃ for 12 h under vacuum 
prior to AFM imaging. 
6.3 Results and Analysis 
Thermal, Chemical, and Structural Characterization 
The VBBI+TFSI- monomer volume Vm is estimated to be approximately ~0.67 nm
3 based 
on literature values for the analogous poly(1-butyl-3-vinylimidazolium TFSI) monomer 
(0.473 nm3) and an added ethylbenzene unit.295 Using the known inverse correlation 
between the glass transition temperature Tg and Vm, the PolyILs studied here are expected 
to possess a Tg ca. 270 K.
327,328 Indeed, DSC measurements reveal Tg values within the 
range 266-274 K, in good agreement with that expected from the literature (Figure 6.1a). 
In addition, all samples are amorphous with no crystallization observed in the investigated 
temperature window (193 to 353 K). Accordingly, XRD data reveals two broad peaks at 
roughly q1 ~ 8 nm
-1 and q2 ~ 14 nm
-1, corresponding to distances of d1 ~ 0.8 nm and d2 ~ 
0.45 nm, respectively (Figure 6.1b).  These features are commonly observed in 
imidazolium/TFSI (ImTFSI) systems and correspond to the anion-anion correlations and 
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the short-range ordering of polymer backbones, respectively.295,305,306 Note that the 
predicted monomer size  𝑟𝑚 ≅  𝑉𝑚
1
3⁄  ≅ 0.88 nm corresponds well to the anion-anion 
correlation distance d1. 
Figure 6.1. Thermal, structural, and chemical characterization of the PolyILs. The data 
are shifted vertically for clarity (a-c). (a) DSC thermograms show the glass transition 
on cooling. (b) XRD data reveal broad peaks corresponding to the ion correlations (q1) 
and the amorphous ordering (q2). (c) IR spectra confirm the chemical composition and 
indicate no shifts in the positions of the adsorptions peaks corresponding to the ionic 
liquid groups.  
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The expected chemical composition is confirmed by IR to be independent of the PolyIL 
architecture (Figure 6.1c). Typically, shifts in the adsorption peaks of the ionic liquid 
moieties imply changing ion interactions, dissociation, or aggregation behavior.307,374,329,330 
Neither the adsorption peaks normally attributed to the TFSI counterions (1056 cm-1 for 
the asymmetric S-N-S stretching; 1192 cm-1 and 1351 cm-1 for the sulfonyl group) nor the 
imidazolium side chain (1512 cm-1 and 2850-3000 cm-1) exhibit appreciable shifts within 
experimental resolution.309,374,329 Just as previous reports have determined there to be no 
correlation between counteranion size and ionic interactions in imidazolium-based 
PolyILs, neither does molecular architecture appear to have any influence on the ionic 
environment.307 This is consistent with the XRD data, which shows no significant changes 
in the inter-chain and inter-ion distances between different Poly(VBBI+TFSI-)s. 
On the other hand, AFM imaging, reveals a considerable dependence of the microscale 
PolyIL surface morphology on the macromolecular architecture (Figure 6.2). Star PolyILs 
with shorter arms (smaller Narm) appear to form discrete, submicron aggregated clusters 
(size within ~100-500 nm) which may be clearly distinguished from the smoother, more 
homogenous morphology observed in the linear counterpart. Stars with longer arms—the 
intermediate case—feature a heterogeneous surface; high-resolution phase maps outline 
Figure 6.2. AFM height (top) and phase (bottom) images of the indicated PolyILs. Z 
scales for the star PolyILs are 55 nm and 25 °; Z scales for the linear PolyIL are 10 nm 
and 15 °. All scale bars are 500 nm. 
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long-chain aggregates that percolate through domains of the discrete clusters (Figure S6.1). 
The star PolyIL surface morphologies are reminiscent of the ‘micellar-like’ organization 
that arises from the limited-aggregation of other branched polymers in thin 
films.309,323,324,326 
Viscoelastic Response 
To examine dynamic processes over a wider frequency range, time-temperature 
superposition (tTS) is used to construct the SAOS master curves (Figure 
6.3).303,307,331,332,333 The horizontal shift factor aT follows the empirical Williams-Landel-




  (6.1) 
where C1 and C2 are constants related to the apparent activation energy and fragility (Figure 
S6.2).295,307,334 The fitted parameters for the WLF equation are provided in Table S6.1. 
The master curve of the linear poly(VBBI+TFSI-) is qualitatively similar to LVE spectra 
reported for other ImTFSI-based PolyILs.295,331,332,333 The response is mostly elastic (G’ > 
G’’) in the glassy regime at the highest frequencies while, at intermediate frequencies, the 
real and imaginary components cross at the glass-to-rubber transition and the PolyIL 
exhibits viscoelastic behavior. This dynamic transition is associated with a characteristic 
rate of segmental dynamics ωs which is defined here by the intersection of the G’ and G’’ 
(Figure 6.3).296,297 The temperature dependence of ωs is compared to other dynamic 
processes later on (Table 6.1). In the viscoelastic regime (ω < ωs), an apparent power-law 
scaling of G’ ~ G’’ ~ ω2/3 is observed. Although the scaling exponent is reminiscent of 
Zimm relaxation, this result is frequently reported in other PolyILs, as well as some 
hyperbranched and star polymers.295,316,320 It is usually attributed to the coupling of the 
Eq. 1 
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segmental dynamics to the high frequency Rouse modes and results in a broader glass-to-
rubber transition.316,333,335 
At the lowest frequencies, terminal relaxation and flow is observed. It is apparent that as 
Mn of the star PolyILs increases, the separation between the terminal and segmental 
timescales grows larger. No rubbery plateau nor a second crossover of the shear moduli 
components are observed in any of the samples at longer times, suggesting the absence of 
chain entanglements in the poly(VBBI+TFSI-) melts.320,336 This is not surprising, 
considering that the critical chain length for observing entanglement effects in other 
Figure 6.3. LVE spectra, represented by the storage G’ (filled symbols) and loss G’’ 
(open symbols) moduli. Master curves were constructed from tTS using the reference 
temperature Tr = Tg + 30 K. Adjacent curves from different samples are offset by 2 
decades for clarity. The dotted vertical line indicates the rate of segmental relaxation 
ωs. Thin lines at the lowest frequencies represent best fits applied to the limiting 
terminal flow behavior in the determination of η. 
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poly(ImTFSI)s is reported to be quite high—ca. Nc ~ 100.
331
 That the SPIL127 melt shows 
no obvious signs of entanglement effects may be related to the additional phenyl group in 
the poly(VBBI+TFSI-)s, the star architecture, or the higher polydispersity for this sample 
(Table 3.2). In fact, the rotational hindrance imposed by the bulky IL pendant/counterion 
composition as well as the steric crowding around branch points in nonlinear polymers are 
both known to increase the dynamic chain rigidity.320,333,337 
Instead, the LVE response approaches characteristic viscous liquid behavior at the lowest 
frequencies: G’ = Jeqη
2ω2 and G’’ = ηω.335 The real and imaginary components are thus 
simultaneously fitted in the terminal regime with the steady state compliance Jeq and zero 
shear viscosity η as freely varying parameters (Figure 6.3). The analysis allows for the 
estimation of η for the linear and star PolyILs and confirms the pronounced effect of both 
chain length and branched architecture on the slower, long-range structural organization in 
PolyIL melts (Figure 6.4). 
Figure 6.4. Zero-shear viscosity vs. the star span length. The solid purple line shows 
the fitted exponential dependence of star η on Nspan (purple star symbols). For 
comparison, the dashed gray line represents a fitted power law dependence with 
exponent x = 0.93. The corresponding residuals are presented in the inset. For reference, 
the linear PolyIL is also indicated by the blue square with Nspan = N, but is not included 
in the fitting. 
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In particular, η for the star melts is more than an order of magnitude greater than that of 
the linear, despite Narm being similar in size to N of the linear polymer. Even if N is 
compared to the longest molecular strand, or span length Nspan = 2Narm of the stars, the 
expected power law scaling of viscosity on the effective linear chain size η ~ Nspan
x cannot 
adequately describe the abrupt increase in η between PolyILs of different architectures. 
This finding indicates the arms do not relax independently of one another as single chains; 
a separate description of the star terminal dynamics should consider covalent connectivity 
at the core. Specifically, the exponential dependence of η on the arm/span length that is 
typically encountered in traditional star polymer melts is found to be a better description 
of the star-shaped poly(VBBI+TFSI-)s (Figure 6.4 inset).319,335,338 The low frequency LVE 
data therefore suggest star PolyILs relax via a distinct arm retraction mechanism that is 
qualitatively similar to that of neutral star polymers. 
Lastly, the specific overall influence of nonlinear polymer architectures can be 
distinguished by plotting the phase angle δ against the shear modulus magnitude in the Van 
Gurp-Palmen (vGP) representation (Figure 6.5).336,337,339 Minima in the vGP plots indicate 
relaxation processes whose elastic character is proportional to the depth or amplitude of 
the feature. It is clear that all samples—regardless of chain architecture or size—show 
identical segmental/glassy dynamics at the high-modulus end; below δs = 45°, G’ > G” and 
the phase angle drops to a high-frequency minimum outside the experimental window. A 
recent BDS study on PDMS bottlebrush polymers similarly demonstrated that while 
branched polymers can slightly slower segmental relaxations, as the molecular weight of 
the side chains increase, the alpha relaxation time becomes indistinguishable from the 
linear counterpart; the effect of branched architecture on the dynamics becomes 
negligible.340 Hence, the star PolyILs examined here likely have arms which are too long 
to manifest any branching effects on the segmental relaxation in these viscoelastic 
experiments. 
There is a second minimum around 105 Pa whose position and elastic character are sample 
dependent. For the linear analogue, this feature is less pronounced as a weak shoulder. The 
effect of star architecture on the overall viscoelastic dynamics of PolyIL melts is thus 
demonstrated to be qualitatively similar to that reported for neutral polymers: branching 
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predominately influences terminal relaxation at long timescales while the faster segmental 
dynamics remain essentially unchanged (Figures 6.3 and 6.5).313,314,316,336,337 
Multiple minima and low-frequency shoulders in the vGP plot have also been observed in 
bottlebrush, H-shaped, and other branched polymers wherein the distinct features are 
ascribed to the sequential relaxation of the polymer backbone and the shorter side/brush 
chains.336,337,339 On the other hand, neutral linear polymers normally exhibit only the single 
segmental minimum with no low-frequency feature; a single relaxation process should 
dictate their mechanical spectra.341 That the linear PolyIL examined here instead also 
exhibits a low-frequency shoulder therefore evidences an additional relaxation in PolyILs 
which may be similar to the ‘sticky Rouse’ motions observed in ionomers: 
dissociation/association of the ionic liquids into ion clusters extends elastic character to 
lower frequencies and delays molecular flow.342,343 The prominence of ion aggregation is 
consistent with the relatively large PolyIL viscosities (~106 Pa s) when compared to those 
of neutral polystyrenes with similar molecular weight (~104 Pa s) at Tr ~ Tg + 30 K.
320 
Similar to the ionic effects in the linear poly(VBBI+TFSI-)s discussed above, sequential  
relaxation in neutral stars typically results in weak shoulders in the vGP plot.339 In the latter 
Figure 6.5. The vGP representation of the SAOS data. The dashed line at the phase 
angle δs = 45° indicates the position of the crossover (G’ = G” at τs).  
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case, enhancement in elasticity at lower frequencies arises due to increased arm rigidity 
associated with the internal microstructure of symmetric star architectures—especially for 
segments in the vicinity of the core.317,318,319,320 For the star PolyILs examined, however, 
the low-frequency feature manifests as a pronounced minimum (Figure 6.5). The 
rheological data thus highlight the synergistic effect ionic liquid clustering in combination 
with the star-like relaxation in extending strong elastic character to the low-frequency 
response of branched PolyIL melts.  
Dielectric Response 
The BDS data reveal dc ion conductivity, the conductivity relaxation, a secondary β-
relaxation, and electrode polarization (Figure 6.6). The dc ion conductivity is identified by 
the frequency-independent plateau in the real part of the complex conductivity σ* plot. A 
complete presentation of the σ’ data for each PolyIL sample is provided in the SI (Figure 
S6.3). Polymer electrolytes whose ion dynamics are completely coupled to the segmental 
relaxations are expected to have a dc conductivity of 10-15 S cm-1 at Tg.
344 In contrast, the 
PolyILs in this report have σdc(Tg) ~ 10
-10 S cm-1, indicating that the ion dynamics are 
decoupled from the segmental process by about 5 orders (Figure 6.7). Overall, ion 
conductivity at Tg is found to be essentially independent of the polymer architecture. 
Similarly, star-branched poly(ethylene oxide) doped with LiTFSI salt also showed 
comparable ionic conductivity to its linear counterpart in the amorphous state.345 
The conductivity plateau corresponds to times longer than τdc ~ ωdc
-1, in which ion motions 
are long-range and diffusive. Above a characteristic frequency ωdc, σ’(ω) begins to rise due 
to the onset of ac conductivity; at timescales shorter than τdc, the subdiffusive ion motions 
are confined to a local, disordered environment.344 In ionic systems, the onset of ac 
conductivity thus manifests as a dielectric relaxation caused by ion rearrangement—i.e., 
the reorientation of the dipole moment corresponding to the ion-cage 
system.296,297,298,299,303,304,307 The time τdc of this ‘conductivity relaxation’ is related to the 
average ion-association lifetimes; in the present system, this is the duration a TFSI 
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counterion spends trapped in a cage (of size ~d1, Figure 6.1) of neighboring imidazolium 
groups.  
Figure 6.6. BDS spectra for SPIL127
 at T = 303 K. Frequency-dependent complex 
permittivity ε* components are plotted alongside the derivative curve (a) and compared 
to the electric modulus M* and conductivity σ* (b). The solid line is the best fit of the 
CD function to M”, where the peak position is used for the determination of ωdc = τdc
-1 
(dashed vertical line). 
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The peak position in the imaginary component of the electric modulus M* follows the ion 
rearrangements.344 Specifically, the Cole-Davidson (CD) function is shown to be a 





  (6.2) 
where ΔM, τCD, and γ (with values 0 < γ ≤ 1) are fitting parameters corresponding to the 
strength, characteristic time, and asymmetric stretching of the CD relaxation function, 
respectively (Figure 6.6b).344 From the best fits, the conductivity relaxation rate is then 
calculated from the peak position: 














  (6.3) 
Figure 6.7. dc ion conductivity of PolyILs vs. reciprocal temperature as scaled by the 
respective calorimetric Tgs. The inset shows the BNN scaling relationship confirmed 
for each sample. 
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 As expected, the Barton, Nakajima, and Namikawa (BNN) scaling relationship σdc ~ τdc
-1 
is recovered for these PolyILs, further confirming the assignment of the conductivity 
relaxation to τdc (Figure 6.7 inset).
298,299,303,174  
Lastly, a high frequency dielectric relaxation emerges in ε* for temperatures below about 
263 K (Figure 6.8). This process is attributed to the secondary or β-relaxation with time τβ 
and strength Δεβ and is generally related to the fluctuation of the ionic liquid pendant 
groups.298,299,304 The Cole-Cole function is used to simultaneously fit both the real and 
imaginary components of the permittivity: 




  (6.4) 
where α is a symmetric broadening parameter. Eq. 6.4 is able to fit both ε’ and ε’’ 
components well (solid red lines in Figure 6.8). The temperature dependence of both the 
conductivity and secondary relaxations are analyzed and compared between the different 
macromolecular characteristics in the following section (Table 6.2). 
Figure 6.8. Representative fitting of Eq. 6.4 (red lines) to the real and imaginary 
components (filled and open symbols, respectively) of ε* in the region corresponding 
to the secondary β-relaxation for SPIL127 at T = 203 K. 
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Comparison of Dynamic Processes 
The influence of PolyIL architecture and molecular weight on the various relaxation 
processes is further evaluated by comparing the temperature dependence of their respective 
timescales (Figure 6.9). In particular, the time constants are generally described using 
either Arrhenius or empirical Vogel-Fulcher-Tamman (VFT) equations, the latter having 
the form 
𝜏 =  𝜏𝑜 exp (
𝐷𝑇0
𝑇−𝑇0
)  (6.5) 
where τ0 is the time constant in the high temperature limit, D is a material-specific strength 
parameter inversely related to the dynamic fragility, and T0 is the Vogel temperature.
334 
The VFT (Eq. 6.5) and WLF (Eq. 6.1) equations are the same equation, only presented in 
different forms. In a plot of logτ vs. 1/T, the Arrhenius expression yields a straight line 
whereas super-Arrhenius VFT behavior has an upwards curvature.346  
Figure 6.9. Time constants corresponding to the segmental τs, conductivity τdc, and 
secondary τβ relaxations vs. reciprocal temperature. Open symbols represent time 
constants determined from the rheological data (Figure 3) while closed symbols indicate 
the fitted parameters to the BDS spectra (Figures 6.6 and 6.9). Solid and dashed lines 
are fits to the VFT (Eq. 6.5) and Arrhenius equations, respectively.  
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Consistent with studies on other PolyILs, the rheological measurements reveal a super-
Arrhenius temperature dependence of the segmental relaxation times for T > Tg. As such, 
Eq. 6.5 is a good fit to τs in the measured temperature window (Figure 6.9). Note that the 
glass transition temperatures may also be independently determined via rheological 
measurements by extrapolating the fitted VFT function to the structural relaxation time of 
τs = 1000 s. Hence, Eq. 6.5 is also substantiated by the agreement in rheological Tgs with 
the corresponding DSC values (Table 6.1). 
Table 6.1 Fitted parameters to the viscoelastic data. 
a To compare to the rheology experiments (data collected with increasing T), the calorimetric Tg here is taken 
from the heating curve (10 K/min). 
    τs, VFT   DSCa 
sample   τ0 (10-11 s) D T0 (K) Tg (K) m  Tg (K) 
SPIL60  7.20 ± 3.6 4.39 ± 0.29 241 ± 2.0 275 106 ± 7.1  276 
SPIL89  2.90 ± 0.50 5.12 ± 0.13 233 ± 0.91 272 91.8 ± 2.3  269 
SPIL127   4.53 ± 2.5 4.64 ± 0.34 241 ± 2.4 277 103 ± 7.6   281 
PIL76  45.6 ± 1.89  3.33 ± 0.19 246 ± 1.4 274 122 ± 6.8  275 
From the VFT expression, the fitted D is found to be larger for stars than linear PolyILs; 
the star architecture increases the effective fragility strength throughout the measured 
temperature range.342 The fragility index m is defined strictly at Tg and can be extrapolated 
from the VFT parameters:  












  (6.6) 
Similarly, m is found to decrease (greater glass-forming “strength”) for the star PolyILs 
relative to the linear analogue (Table 6.1). Depressed fragility has also been reported for 
both star-shaped and hyperbranched polystyrene melts and is suggested to arise due to the 
nonlinear architecture, viz. limited chain interpenetration, stronger intermolecular 
interactions, and particle-like ordering of the branched polymer cores.319,325 Additionally, 
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the disparity in the WLF parameters between linear and star samples is compatible with 
the latter possessing a measurable degree of density heterogeneity (Table S6.1).318 
On the other hand, the VFT expression fails to describe the conductivity relaxation 
throughout the measured temperatures. Specifically, there is a dynamic crossover from the 
super-Arrhenius to an Arrhenius dependence at temperature Tx.
346 The crossover signifies 
the temperature at which the ions begin to move through the frozen structure and is found 
to be close to Tg (Table 6.2). This increases the extent of decoupling as defined by the ratio 
Rτ = τs/τdc of the segmental to ion relaxation times in the PolyIL melts at Tg.
296 In systems 
for which ion conductivity is coupled to structural relaxations, logRτ is close to zero or 
negative, while PolyILs instead typically show logRτ in the range of 3 to 8.
296 For the 
poly(VBBI+TFSI-) examined here, logRτ = 5.0 ± 0.2, confirming the result from the σdc 
data that the ion dynamics for each PolyIL is about 5 orders of magnitude faster than the 
segmental dynamics—regardless of the chain architecture (Figure 6.7). 
Table 6.2 Fitted parameters to the BDS data. 
a Estimated from the intersection of the VFT and Arrhenius fits to the τdc data 
  τdc, VFT     





SPIL60  3.22 ± 0.40 4.83 ± 0.05 222 ± 0.64  273 128 ± 2.6 43.8 ± 3.7 
SPIL89  3.13 ± 1.7 4.80 ± 0.38 222 ± 2.9  275 115 ± 1.5 46.4 ± 1.7 
SPIL127  3.95 ± 0.89 5.12 ± 0.16 220 ± 1.2  274 118 ± 1.5 44.6 ± 3.4 
PIL76  3.32 ± 0.35 5.32 ± 0.08 219 ± 0.50  274 115 ± 1.6 35.0 ± 1.2 
From the slope of the Arrhenius region (at T < Tg), the activation energy Ea,dc for the ‘ion 
hopping’ in the frozen structure is determined to be essentially invariant for all samples 
except for the star PolyIL with the shortest arms (SPIL60). Because this particular melt is 
comprised of the highest density of cores, and thus the greatest proportion of segments 
confined to these crowded regions, it is conceivable that ions encounter a higher energy 
barrier to hopping between ion cages in these more heterogeneous environments. But if the 
arms are long enough, there are evidently enough percolating low-density regions requiring 
less energy for the ions to diffuse through. Likewise, fitting τβ with the Arrhenius 
expression yields larger Ea,β values for the star polymers as compared to their linear 
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counterpart. This effect can also arise from inhomogeneous segmental densities associated 
with the branched topology; the average local fluctuations of the ionic liquid moieties are 
expected to be more restricted and require more energy in the crowded core regions of the 
frozen matrices. 
The higher activation energies found for the β relaxation process is consistent with QENS 
studies on PDMS bottlebrush polymers which similarly showed higher activation energies 
for the short-time, localized methyl group rotations.97 Such phenomena are similarly 
ascribed to more congested monomer densities near branching points in polymers with the 
nonlinear backbones. 
6.4 General Discussion and Conclusions 
Ionic transport is mostly determined by short-range interactions and monomer chemistry, 
whereas the polymer architecture is less important in this regard. Accordingly, XRD, FTIR, 
and BDS distinguish no obvious dependence of counterion-counterion distance, ionic 
interactions, or σdc(Tg) on the molecular characteristics of the PolyILs (Figures 6.1 and 6.7). 
On the other hand, polymer branching may have some weaker secondary effects on the 
temperature dependence of the conductivity and β relaxation dynamics, such as increased 
energy barriers to the decoupled ion hopping and β fluctuations for the more branched 
PolyILs. 
At longer timescales, however, ionic pairs behave as ‘sticky’ segments which repeatedly 
associate and dissociate.342,343 From the rheological data, it is obvious the effects of chain 
entanglements are negligible (Figure 6.3). Rather, it is mainly the sticky ionic groups which 
slow down polymer diffusion and delay structural relaxation of the melt, thereby providing 
additional elastic character to the LVE response at lower frequencies (Figures 6.3 and 6.5). 
Notably, chain connectivity and branching are important in this region; star PolyILs have 
a terminal relaxation time which is more than an order of magnitude longer than that of 
linear chains—even when the linear chain size was greater than Narm of the star. 
This disparity in τr arises due to the distinct terminal relaxation mechanism of star-shaped 
polymers. While terminal flow of linear PolyILs occurs upon chain relaxation as mediated 
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by the sticky ionic interactions, stars must also sequentially retract their arms away from 
obstacles (likely ion clusters) towards their cores before the overall polymer center of mass 
can diffuse. In support of this description, the characteristic scaling η ~ exp(Narm) expected 
for non-ionic star polymers is also obtained for the star-shaped poly(VBBI+TFSI-)s 
investigated in this study.335 Because arm retraction is strongly opposed by entropy, 
terminal relaxation is much slower for stars than for their linear counterparts.319,338 
In addition, both the rheological fragility and surface morphology are dependent on the 
PolyIL architecture at longer length scales (Figure 6.2). While the bulk microstructure may 
differ somewhat from the observed surface morphologies, the interfacial assembly is still 
relevant to the organization of PolyILs at electrode interfaces, which will affect the 
electrode polarization. As in melts of neutral branched polymers, the decrease in m and 
emergence of limited-aggregate surface morphologies for the nonlinear PolyILs are 
attributed to their intermolecular interactions, limited chain interpenetration, and particle-
like organization. 
To summarize, investigation of the viscoelastic and dielectric properties of linear and star-
shaped PolyILs reveals that branched polymer architectures primarily control the slower 
dynamic properties and morphologies on the molecular/chain length scale whereas effects 
on the faster, more local segmental and ion dynamics as well as structural organization at 
the monomer scale are secondary or absent altogether. This work highlights a key 
advantage of polymerized ionic liquids: the assembled morphology and thermorheological 
properties can be tuned independently of the ion conductivity by processing polymers with 
controlled architectures. Moreover, because ion transport is facilitated by localized ion 
rearrangements, the results further emphasize that improvements to single-ion conductivity 
in solid polymer electrolytes should focus on controlling polymer chemistry at the 
segmental/monomer scale. However, further investigation is required to elucidate the range 
of functionality f/Narm over which the findings discussed above can be expected and how 
the effect of architecture on PolyIL dynamics might manifest for more flexible or 
hydrophilic PolyILs with different counterions and/or nanoparticle-like conformations. 
This study nonetheless lays the groundwork for understanding how branched polymer 
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architectures can be used to help guide the development of functional ionic liquid materials 




Chapter 6 Appendix: Supporting Information 
  
Figure S6.1. High-resolution AFM phase images of the indicated PILs at high 
magnification. Z scales for PIL76 and SPIL60 are 10 °; Z scales for SPIL89 and SPIL127 
are 20 °. All scale bars are 100 nm. 
 
Figure S6.2. Temperature dependence of the horizontal shift factor aT (a) and vertical 
shift factor bT (b) used to construct the SAOS master curves, referenced to Tr = 303 K. 
Solid lines represent best fits to the WLF equation. 
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Table S6.1 Fitted WLF constants to the viscoelastic data at the reference temperature Tr = 
303 K. 
    aT, WLF 
sample   C1 C2 
SPIL60  7.33 ± 0.14 62.6 ± 1.3 
SPIL89  7.07 ± 0.14 73.4 ± 1.2 
SPIL127  7.43 ± 0.16 59.2 ± 1.6 
PIL76  6.47 ± 0.27 59.1 ± 1.7 
 
  
Figure S6.3. The frequency dependence of the real part of the complex conductivity, 
plotted at different temperatures for the indicated linear/star PolyILs. 
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CHAPTER 7. IONIC LIQUID FUNCTIONALIZED 
HYPERBRANCHED NANOPARTICLES 
7.1 Introduction 
The proliferation of new electrochemical energy storage and harvesting technologies has 
spurred the development of a diverse range of functional branched soft nanoparticle 
electrolytes with tunable ion transport, viscoelasticity, and thermal properties.347 A variety 
of approaches have been employed in order to achieve solid polymer electrolytes with high 
ionic conductivity. Zhang et al. developed a bottom-up assembly technique consisting of 
the covalent tethering of poly(ethylene oxide) (PEO) chains to organic building blocks 
prior to their organization into covalent organic frameworks (COFs) doped with LiTFSI 
salt, however such electrolyte materials are only suitable for high temperatures (~200 °C) 
and are susceptible to efficiency loss and instability due to the mobile anion species.348 
Archer and coworkers have investigated both single-ion conducting nanoparticle salts349 as 
well as organic hybrid electrolytes based on grafted nanoparticles350,351. The inclusion of 
the rigid inorganic phase generally improves the mechanical stability of the electrolyte by 
preventing liquid-like flow while simultaneously introducing internal interfaces which can 
alter the transport of ions. Moreover, by tethering one of the ionic species to a 
functionalized nanoparticle, it is possible to control the flow of charge and polarization, as 
in polymer electrolytes. Branched particle functionalization is therefore an attractive 
approach towards tuning the functional response of ionic media.352,353,354,355,356 
Highly branched particles such as star-shaped polymers, hyperbranched oligomers, 
dendrimers, microgels, and polymer-grafted nanoparticles have been demonstrated to be 
versatile components in the modular assembly of a wide range of functional soft 
materials.357,358 Owing to nontrivial elastic forces, excluded volume effects, particle 
localization, and interdigitation and entanglement of the peripheral (corona) regions, 
interparticle interactions can range from ultrasoft potentials to effectively hard sphere 
repulsions. Consequently, glasses formed from branched particles can exhibit a variety of 
vitrification behavior wherein assembly fragility is determined by the nature and strength 
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of such interactions.359 Ultrahigh branching functionalities can lead to colloidal-like 
jamming in the molten state, which can make them easily processable while leaving the 
segmental dynamics relatively unchanged.360 Despite the long-range disorder of such 
amorphous materials, a well-defined local structure may emerge which can profoundly 
impact the mechanical, optical, and transport properties of so-called ‘hyperuniform 
materials’.361 
The decoupling phenomenon in PolyILs has been related to the sequential formation and 
breaking of ion associations which give rise to intra- and intermolecular ion hopping 
through a relatively immobilized, glassy matrix. As known, the ionic interactions in ionic 
liquids are unique in that they are considerably delocalized in comparison to other salts. In 
fact, counterions have been shown to exhibit delocalized coordination with multiple 
tethered (polymerized) ions from different chains.362,363,364 It is therefore expected that 
tailoring polymer structure and architecture, which dictates the arrangement of such 
tethered groups, can potentially lead to control over the spatial allocation of ionic 
functionalities and thus the hopping motions of ions. For example, PolyILs have been 
shown to exhibit higher conductivity when imidazolium groups are polymerized along the 
backbone than when they are incorporated as pendant groups.308 
Branched PolyILs feature distinct arrangements of functional IL groups but have received 
little attention. Moreover, covalent chain connectivity restricts the organization of dipoles 
and their rotational motions in PolyILs and can therefore lead to pronounced changes in 
dielectric constant.365 Insofar as the excluded volume effects of ionic groups are tuned by 
polymer branching, it should be possible to direct the collective dipole orientations, 
offering molecular branching as a potential design parameter for electrolytes with tunable 
dielectric environment and ion transport. And as with increasing polymer chain rigidity, 
nonlinear molecular architectures can likewise frustrate chain packing, which in the case 
of PolyILs is believed to result in greater free volume at temperatures near Tg and therefore 
further decouple the ion dynamics.366 
In the previous chapter, however, it was demonstrated that long-chain branching in the star-
shaped PolyILs produced negligible changes in the dynamic and thermal properties at 
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shorter timescales because the architectural branching was tuned at length scales much 
larger than the segmental. The question remains how branching at much smaller length 
scales as in branched functionalized nanoparticles and hyperbranched compounds might 
affect the ion behavior in these electrolyte materials. While some dynamic properties of 
hyperbranched and dendritic oligomeric ionic liquids have been reported, few relationships 
between the branching architecture and ion transport have been 
established.367,368,369,370,371,372,373,374,375 For example, it is not yet known whether or not 
highly branched architectures can tune the coupling and decoupling of ion dynamics from 
the segmental motions in the glassy state, which is relevant to the performance of solid-
state electrolytes. To better understand this, the dynamic properties of IL-tethered 
macromolecules consisting of both POSS and hyperbranched polyester cores with varying 
degrees of branching and different ionic functionality are probed (Scheme 3.3). 
7.2 Experimental 
Temperature-Modulated DSC 
Following the regular sample preparation procedure where standard DSC measurements at 
10 °C/min reliably produce consistent thermograms, temperature-modulated 
measurements were then used to more precisely determine the Tg. In the T-modulated DSC 
measurements, an average rate of 2 °C/min was used with a temperature modulation 
amplitude and period of 0.5 °C and 60 s, respectively. Unless otherwise stated, the 
calorimetric glass transition temperature Tg was taken as the midpoint of the reversible heat 
capacity jump from the modulated heating step.  
 BDS Sample Preparation 
Solutions of the hyperbranched and linear ionic liquids were all prepared in ethanol and 
POSS-[COO- DMIm+]8 and POSS-[COO
- HMIm+]8 solutions were prepared in ethanol and 
chloroform, respectively (all ~17 mg/mL). Solutions were then slowly spun-cast onto a 
gold-plated electrode (diameter 10 mm) fitted with a Teflon spacer (thickness ~ 60 µm). 
The films were subsequently dried under vacuum at 70 °C for 2-3 h, after which the upper 
electrode was pressed firmly against the film and returned to the oven. The assembled cells 
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were further dried under these conditions for at least 24 h and then immediately transferred 
to the dielectric sample chamber for measurements under dry nitrogen atmosphere. 
7.3 Results and Analysis 
Thermal, Chemical, and Structural Characterization 
The hyperbranched samples were found to be thermally stable up to 125-150 °C from TGA 
analysis. In contrast, POSS-based samples did not thermally decompose until reaching 
temperatures up to 250-350 °C, demonstrating the enhanced thermal stability of the 
electrolytes possessing the nanoscale inorganic cores.353 
Changing the molecular architecture or core structure while keeping the ionic liquid 
functionality the same can lead to profound effects on the vitrification behavior of the 
electrolytes (Figure 7.1). For example, increasing the branching generation of carboxyl-
terminated HBP particles generally leads to an increase in the Tg—although depending on 
the counterion, this relationship may not be monotonic (Table 7.1). For this series, the 
increase in Tg is likely due to a greater density of ions whose electrostatic interactions 
reinforce the electrolyte matrix. More significant is the effect of changing the core structure 
from hyperbranched polyester to POSS nanoparticles, which can lead to an increase in Tg 
Figure 7.1. Scaled reversing heat capacities for HBP (solid lines) and POSS (dashed 
lines) based ionic liquids end-functionalized by carboxyl groups bearing aprotic DMIm+ 
(a) and protic HMIm+ (b) counterions. Each DSC curve is multiplied by a scaling factor 
in order to compare hyperbranched cores possessing n = 16 (gray), 32 (red), and 64 
(blue) terminal groups. 
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of up to ~140 °C. Incorporation of the inorganic component evidently results in the 
percolation of a rigid phase that substantially enhances the glassy properties of the 
matrix.376 
Table 7.1 Thermal characteristics of IL particles with both rigid (POSS) and soft (HBP) 
cores. 
a Determined from BDS. b Determined from T-modulated DSC. c Temperature width of the Tg jump from the 
DSC thermograms. 
Sample Tx (°C)a Tg (°C)b ΔTg (°C)c 
POSS-(COO- K+)8 180 190 19 
HBP-(COO- K+)32 115 51 10 
POSS-(COO- DMIm+)8 140 143 22 
HBP-(COO- DMIm+)16 5 10 26 
HBP-(COO- DMIm+)32 20 30 18 
HBP-(COO- DMIm+)64 20 15 7 
POSS-(COO- HMIm+)8 90 81 9 
HBP-(COO- HMIm+)16 45 36 23 
HBP-(COO- HMIm+)32 32 40 22 
HBP-(COO- HMIm+)64 49 52 8 
POSS-(SO3- HMIm+)8 148 130 72 
HBP-(SO3- HMIm+)32 29 -6 13 
HBP-(SO3- DMIm+)32 47 24 24 
Likewise, tuning the ion pair interactions has a significant effect on the glass transition 
(Figure 7.2). For HBP particles of identical generation (32 end groups), the melt Tgs 
increase for the following ionic liquid chemistries: (SO3
- HMIm+) < (COO- DMIm+) ~ 
(SO3
- DMIm+)  <  (COO- HMIm+) <  (COO- K+). These results point to two predominant 
contributions to the glass transition: electrostatic interactions and hydrogen-bonding. HBPs 
with small counterions (e.g., K+) will generally have large charge densities and strong, 
directional Coulombic forces. These electrolytes tend to form ionic aggregates which can 
serve as physical crosslinks, thereby increasing Tg. In contrast, larger counterions with 
delocalized charges (imidazoliums) tend to have weaker interactions and lower Tgs. 
At the same time, compounds with strong, directional hydrogen bonding interactions such 
as HBPs terminated by the (COO- HMIm+) pair can have a larger Tg owing to their 
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propensity to form hydrogen bonding networks. This is distinct from the extremely low Tg 
of the (SO3
- HMIm+) sample. The greater stability of the sulfate ion possibly results in the 
incomplete proton transfer and therefore a lower density of hydrogen bonds.  
It is interesting to note that for both carboxyl and sulfate terminated HBPs the jump in heat 
capacity ΔCp at Tg is consistently larger for systems containing the protic counterions (ΔCp 
≈ 0.18 Jg-1K-1) than for their counterparts bearing aprotic counterions (ΔCp ≈ 0.12 Jg
-1K-1). 
In addition, the heat capacity of HBP-(COO- HMIm+)n is generally greater than that of 
HBP-(COO- DMIm+)n throughout the measured temperature range (Figure 7.1). This result 
indicates the presence of extra degrees of freedom in the protic systems due to the 
configurational entropy of a hydrogen-bonded network, which becomes especially 
pronounced in the melt state. Notably, both the heat capacity and ΔCp(Tg) for the POSS 
protic system lack this particular signature in its thermogram. The lack of a hydrogen-
bonded network in this sample might explain its low Tg in comparison to the other POSS 
particles.  
A broadening of the calorimetric glass transition with decreasing branching generation for 
is observed for both protic and aprotic samples. This broadening indicates the presence of 
a more diverse local dynamic associated with the structural partitioning of the polar ionic 
groups from the cores due to their mutual immiscibility.,377 The effect thus becomes more 
significant for hyperbranched samples with the lowest branching number—and therefore 
the lowest density of ionic groups—in which the core constitutes a considerable portion of 
Figure 7.2. Reversing heat capacities for HBP samples end-functionalized by different 
ionic liquid chemistries. 
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each molecule. At the highest ionic densities for higher generation branching, the Tg is 
dominated by the ionic and H-bonding interactions of the terminal functional groups, and 
the jump in heat capacity occurs over a much narrower range. 
Ion Dynamics and Conductivity 
As with star PolyILs, the dielectric spectra distinguish four relaxation processes: electrode 
polarization, segmental relaxation, ion reorientation motion, and dc ionic conductivity. 
Because the derivative curve in the permittivity plane 𝜀𝑑𝑒𝑟
′′  suppresses contribution of the 
ion conductivity, this representation is useful for identifying the peaks corresponding to 
segmental and ion reorientation dynamics (Figure 7.3).378 Havriliak-Negami (HN) 
functions are employed to fit these processes in the permittivity spectra: 
𝜀𝑑𝑒𝑟
















where ω is the radial frequency, Δεi is the dielectric relaxation strength, τi is the relaxation 
time, and βi and γi are symmetric and asymmetric broadening parameters, 
respectively.379,380,381 For samples with sufficient conductivity, electrode polarization 
dominates the spectra at the lowest frequencies and is accounted for by a power law term 
Aω-s. In the following, the subscripts i = s and i = ion correspond to the segmental and ion 
reorientation motions, respectively. 
In addition to these relaxations, the complex conductivity σ* reveals the long-range ion 
diffusion corresponding to dc conductivity, which is approximated here using the random 
barrier model (RBM): 








+  𝜀∞) (7.2) 
where σdc is the frequency-independent dc ionic conductivity and τRBM is the characteristic 
‘ion-hopping’ time constant.382,383,384 In particular, τRBM distinguishes the short-range, 
subdiffusive dynamics at high frequencies (i.e., conductivity dispersion) from the long-
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range, diffusive dynamics at lower frequencies (conductivity plateau) and it corresponds 
roughly to the intersection of the σ’ and σ’’ components. It is evident that τion and τRBM are 
closely related; namely, the onset of long-range diffusion is precipitated by the ion 
reorientation motion, since τion < τRBM. For simplicity, the portion of σ*(ω) due to electrode 
polarization was omitted from the fitting. 
The representative results shown in Figure 7.3 are measured as the temperature approaches 
Tg from above. They demonstrate two general cases: (1) the ion reorientation and hopping 
rates are several orders of magnitude faster than the segmental motions, indicating that ion 
transport is entirely decoupled from the glassy dynamics of the electrolyte and (2) ion 
motions and the onset of dc ion conductivity are slower than the segmental motions, 
indicating that the particle segments must fully relax before ions can diffuse. In either case, 
Eqs. 7.1 and 7.2 fit the data well. Moreover, comparison to rheology data confirms 
unambiguous identification of the segmental mode. This comparison is particularly useful 
in cases for which segmental motions are largely obscured by conductivity in the dielectric 
spectra (Figure 7.3a). 
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Figure 7.3. Representative dynamic spectra of HBP-(COO- DMIM+)32 (a, c) and POSS-
(COO- HMIM+)8 (b, d) recorded at the temperature T = Tg + 10 K for each sample. Eq. 
7.1 is used to fit the segmental and ion reorientation processes in the permittivity 
derivative curves (a, b); their respective contributions are indicated by the red dash-
dotted lines. The thin red line is the contribution of electrode polarization (a). The 
complex shear moduli, as measured by rheometry, are shown for comparison. The 
intersection of the storage and loss components G’ and G’’ is used to determine the 
segmental relaxation rate ωs = τs
-1, as denoted by the black dashed line. τs and τion are 
inserted into Eq. 7.2, which is used to fit the associated data in the σ*(ω) plane (c, d).  
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Effect of Molecular Architecture and Core Structure 
Ionic liquid particles are synthesized from both soft HBP cores and rigid POSS 
nanoparticles in order to evaluate the extent to which core structure—composition, 
flexibility, and functional density—influences the dynamic behavior of their melts. 
Furthermore, the particles are compared to their approximate linear counterparts, which 
consist of short PEO oligomeric ‘linear cores’ with two ends terminated by ionic liquids. 
In this section, attention is restricted to carboxyl-terminated molecules with either aprotic 
DMIM+ or protic HMIM+ countercations. 
The dominating effect of the glass transition is immediately apparent from a comparison 
the dc ion conductivities (Figure 7.4). For example, conductivities of the aprotic series at 
room temperature fall from ~10-5 S cm-1 for the liquid-like linear oligomers (Tg = -5 °C) to 
~10-9-10-11 for the rubbery hyperbranched particles. On the other hand, the POSS-based 
ionic liquid particles are glassy solids at room temperature and consequently have 
immeasurably low conductivities. Note however that the measured σdc do not necessarily 
follow the observed dependence of Tg on the branching generation for the HBP samples.  
In order to compare the ion transport decoupling character, the same σdc data are plotted 
against reciprocal temperatures as scaled by their respective glass transition temperatures 
(Figure 7.5). In this representation, there is a clear discontinuity in the temperature 
dependence of σdc as it transitions from VFT to Arrhenius-like behavior at a dynamic 
crossover temperature Tx located in the vicinity of Tg. Notably, the linear samples feature 
a sharp drop in conductivity at temperatures well above their recorded values of Tg, owing 
to their crystallization during the BDS measurements. Regardless, the samples approach 
similar levels of conductivity at temperatures well above the glass transition; at the highest 
temperatures the ion chemistry is the dominating factor. The exception is POSS-[COO- 
HMIM+]8 which appears to saturate at lower conductivities for high temperatures, possibly 
due to limited ionicity for this particular sample.  
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Above Tg, the linear oligomer sample possesses a significantly larger conductivity in both 
aprotic/protic systems than the branched particles, despite having a lower ion density. This 
is likely a consequence of a larger ionicity (weaker ion-pair association) due to the highly 
solvating ethylene oxide chains; i.e., EO segments have a dilution effect on ion aggregates 
thereby producing a higher density of free ions.380 Additionally, it may result from a more 
decoupled ion mobility in the former chain-like systems. In contrast, a higher segmental 
density in the vicinity of branched particle cores may have a smaller free volume which 
precludes passage of ions. 
Figure 7.4. dc ion conductivity vs reciprocal temperature of linear and branched 
carboxyl-based ionic liquids functionalized by either the aprotic DMIM+ (a) or protic 
HMIM+ (b) countercations. Solid lines are VFT fits to data above the glass transition 
temperature. 
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In the case of the aprotic ionic liquids, conductivity of the linear oligomer remains higher 
and decays more slowly with temperature when cooled below Tg in comparison to the 
branched HBP and POSS samples. From the linear dependence of σdc(T) for T < Tg, an 
activation energy Ea,dc of 35.6 ± 0.07 kJ/mol can be ascribed to a low temperature ‘hopping’ 
barrier for ions in PEO-[COO- DMIM+]2. The relatively high conductivity and low Ea,dc 
below Tg indicate the existence of an efficient pathway for ion diffusion even as the 
segmental motions are frozen and that electrostatic interactions and ion aggregation do not 
significantly hinder ion transport.  
The otherwise identical σdc values for T >> Tg contrasts with those at lower temperatures 
where core structure and branching generation begin to have considerable effects on the 
conductivity in the kinetically arrested state. For example, with each increase in branching 
generation in the aprotic series, there is a corresponding one order of magnitude drop in 
the conductivity at T = Tg. That is, for HBP-[COO
- DMIM+]n, σdc ≈ 1 x 10
-10,  1 x 10-11, 
and 1 x 10-12 S/cm at Tg for n = 16, 32, and 64, respectively. In contrast, protic molecules 
with higher branching numbers feature the higher conductivities. HBP-[COO- HMIM+]16 
(σdc ≈ 2 x 10
--14 S/cm)  has a conductivity approximately 2 orders of magnitude lower than 
its more branched counterparts (σdc ≈ 2 x 10
-12  and 5 x 10-13 S/cm at Tg for n = 32 and 64, 
respectively). 
Figure 7.5. dc ion conductivity vs Tg-scaled reciprocal temperature plotted for linear 
and branched carboxyl-based ionic liquids functionalized by either the aprotic DMIM+ 
(a) or protic HMIM+ (b) countercations. The gray area encompasses the glassy regime. 
For the linear samples, only the conductivity data above crystallization is scaled to their 
reported Tg values. 
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Soft, flexible HBP cores are compared to rigid, inorganic POSS cores in regards to their 
effects on ion dynamics. Similar to the examination of molecular architecture, the influence 
core structure also depends on the ion-pair interactions (Figure 7.5). Interestingly, the 
POSS compounds showed similar values of σdc(Tg) to those of the HBP-ILs with the lowest 
number of terminal groups for both protic and aprotic samples. As such, POSS-[COO- 
DMIM+]8 maintains one of the highest scaled conductivities of the aprotic ionic liquids 
throughout the entire temperature range. Moreover, σdc of this sample decreases more 
gradually as it is cooled below Tg. It appears that in the absence of hydrogen-bonding, the 
organosilate composition may enhance ion hopping motions and/or prevent the formation 
of large ionic aggregates in the glassy state. On the other hand, the POSS-based protic 
electrolytes exhibited the lowest conductivities at temperatures above its Tg. Due to the 
very small conductivity and overlap with the segmental relaxation, σdc of POSS-[COO
- 
HMIM+]8 could not be unambiguously determined below Tg (Figure 7.3). From the 
available data, ion dynamics may be accelerated or decelerated by tuning the core structure, 
depending on ionic liquid functionality. 
Effect of Ion-Pair Chemistry 
Given the importance of ion-pair interactions in considering how branched molecular 
design can tune the properties of solid electrolytes, several hyperbranched particles with 
different ionic liquid end groups were also compared to elucidate the effect of ion-pair 
interactions (Figure 7.6). Overall, it is found that both the tethered anion and free cation 
control the extent of ion/segmental decoupling. The results indicate that, regardless of the 
anionic end group (i.e., COO- vs. SO3
-), substitution of the aprotic DMIm+ for the protic 
HMIm+ decreases σdc(Tg/T). Note that this effect is similarly observed in the samples with 
the POSS-based cores (Figure 7.5). This result suggests an incomplete proton transfer and 
ionic association, thereby limiting ionicity and conductivity at Tg for the particles bearing 
protic cations.385 
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On one hand, this finding indicates that proton conductivity in the protic samples is 
essentially negligible, as is typically observed in protic ILs. Instead of diffusing, the proton 
on the methylimidazolium cation more likely acts as a strong hydrogen donor in hydrogen-
bonding interactions with acceptor groups on either the anion or the polyester/POSS core. 
This highly directional interaction is anticipated to increase the energy barrier to ion-pair 
disassociation, thereby leading to decreased ionicity and lower ion conductivity. On the 
other hand, the inductive effect of the additional methyl group on the DMIm+ counterions 
produces an electron-donating effect to the heterocyclic nitrogen, thereby decreasing the 
cation acidity and effectively shielding the charge-transfer of the ion pair.386 As a result, 
the diminished ionic interactions of the DMIm+ system effectively facilitates the counterion 
migration and increases the ion conductivity.  
To confirm the changes in ion interactions, FTIR measurements on carboxyl-terminated 
POSS particles containing K+, DMIm+, and HMIm+ are compared to examine any changes 
in the hydrogen bonding environment (Figure 7.7). In the spectra of nanoparticles with the 
aprotic K+ and DMIm+ cations, broad and bimodal peaks are identified in the range of 3200 
cm-1 to 3600 cm-1, attributed a wide distribution of O—H and N—H stretching vibrations 
Figure 7.6. dc ion conductivity of hyperbranched particles functionalized with different 
ion pair chemistries plotted as a function of the Tg-scaled reciprocal temperature.  
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in a heterogeneous environment. In contrast, POSS particles with the protic HMIm+ cations 
show relatively narrow peaks shifted to higher wavenumbers, which suggest the presence 
of stronger, more directional bonding in the case of protic cations.387,388 
Furthermore, tethering the more basic sulfate anions to the particle end groups depresses 
σdc(Tg/T) relative to the carboxyl-terminated counterparts. That is, when the highly 
directional electrostatic interactions are enhanced between ion pairs, counterions are less 
likely to dissociate from these pairs and the scaled ionic conductivity decreases.389 This 
effect is especially dramatic for sulfate-terminated molecules with protic counterions, due 
to the limited proton conductivity of the cation. 
The system with the lowest conductivities was HBP-[COO- K+]32, even when its large glass 
transition temperature is taken into account. This result emphasizes the importance of 
electrostatic interactions, which for the small K+ cation are much stronger than those with 
the comparatively delocalized DMIm+ cation; in the absence of hydrogen-bonding, a 
counterion trapped within a strong coulombic potential well would need to overcome a 
Figure 7.7. FT-IR spectra of POSS-ILs. Curves are shifted vertically for clarity. 
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considerable energy barrier to undergo long-range diffusion. It is worthwhile mentioning 
that, in comparison to molecules terminated by the (COO- DMIM+) and (COO- HMIM+)  
ion pairs, samples functionalized with (COO- K+), (SO3
- DMIM+), and (SO3
- HMIM+) 
exhibited the largest discrepancies between Tg and Tx. Hyperbranched ILs with the 
strongest electrostatic interactions tend to exhibit the dynamic crossover from super-
Arrhenius temperature dependence to Arrhenius at temperatures considerably higher than 
their glass transition temperatures. Though there is precedent for this behavior, it is beyond 
the scope of the present work.346 
7.4 Conclusions 
As expected, the glass transition temperature is demonstrated to be a significant property 
in determining the dynamic properties of the electrolytes studied in this report. In this 
regard, molecular architecture (i.e., branched vs. linear), core structure (hyperbranched 
polyester vs. POSS), and ion interactions (electrostatic vs. hydrogen-bonding) are all 
shown to be adjustable synthetic parameters for tuning the glass transition. Overall, ionic 
liquids with the inorganic POSS cores existed as rigid, glassy solids over a wide range of 
temperatures. As such, these samples tended to have extremely poor conductivity. In 
contrast, compounds with the more flexible hyperbranched polyester cores featured glass 
transitions closer to room temperature and therefore exhibited intermediate conductivities. 
The extent of branching density was demonstrated to have a subtle effect of generally 
increasing the Tg for the more branched HBP-ILs. A dense periphery of ions with strong 
electrostatic and hydrogen-bonding interactions would explain the shift in Tg, and is 
consistent with the narrower jump in heat capacity as the HBP core plays a more 
diminished role in the higher generation HBP-ILs.  
Lastly, the ‘linear cores’ show the lowest Tgs and therefore the highest σdcs. However, these 
electrolytes are liquid at temperatures above 0 °C, which precludes their integration into 
devices which require a stable, mechanically robust electrolytes at room temperature. Due 
to growing interest in such solid-state electrolytes, it is critical to develop a fundamental 
understanding of how dynamic properties evolve when the electrolytes are cooled to the 
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glassy state. Hence, in this report ion transport is compared in the different electrolytes at 
temperatures which are scaled by their respective Tgs. 
In this respect, the design variables explored above are shown to have additional effects 
beyond simply shifting the glass transition temperature; tuning particle branching, core 
structure, and ionic species can drastically change the coupling of segmental and ion 
relaxations, influencing ionicity and the temperature dependence of ion conductivity. The 
most striking result was the disparity in the conductivities in the aprotic vs protic samples: 
compounds baring the protic HMIm+ counterion were demonstrated to have significantly 
lower conductivities than their aprotic DMIm+ counterparts even after the higher Tgs of the 
former series were taken into account (Figure 7.5). The absence of proton conductivity and 
the immobilization of counterions in the hydrogen-bonded networks severely limits ion 
transport in such systems.390  Likewise, strong electrostatic interactions such as those found 
in compounds with tethered sulfates or baring the small K+ cation limit the density of free 
ions and decrease σdc(Tg) (Figure 7.6). 
Regardless of molecular architecture and core structure, electrolytes containing the aprotic 
cations therefore always showed a greater degree of ion/segmental decoupling than their 
protic counterparts. Examples of this effect are clearly discerned from their dielectric 
spectra, wherein the ion reorientation process can be either several orders of magnitude 
faster than the segmental relaxation for aprotic systems (Figure 7.3). Accordingly, when 
the molar conductivity is plotted against the segmental relaxation rate in the Walden plot, 
the aprotic hyperbranched samples exhibit ‘superionic’ behavior with the decoupling 
exponent ε = 1 – α (where α is the slope) increasing with decreasing branching density 
(Figure 7.8). In contrast, many protic ionic liquids tend to exhibit sub-ionic properties: the 




In addition to the effects of the ion-pair chemistry on the Tg and ionicity, the influence of 
the core structure and branching architecture on the ion dynamics was also dependent of 
the presence of protic vs aprotic counterions. For HBP-ILs with DMIm+ cations, higher 
generation HBP-ILs with a greater functional group density exhibited lower conductivities 
at Tg than the first generation and the POSS-IL counterparts. This is apparent in the Walden 
plot, where HBP-(COO- DMIm+)n exists further “above” in the superionic regime for n 
=16 and 32, whereas compound with n = 64 lies below, closer to the ideal behavior. The 
reverse trend is observed for the HMIm+ series: the greater generation HBP-ILs exhibit a 
greater degree of decoupling of the ion transport from the segmental dynamics. 
On one hand, in both the protic and aprotic series, more terminal IL groups in the more 
branched samples should translate to higher potential concentration of free ions to 
contribute to the ion conductivity. While increasing the end group number in the protic 
series corresponds to progressively glassier electrolytes due to the greater number of 
hydrogen-bonds, it may be this larger population of ions that also contributes to their higher 
conductivities when the Tg effect is taken into account. On the other hand, this benefit to 
σdc(Tg)  is seemingly absent in the aprotic series. In this case, the presence of the core—
which constitutes a larger portion of the compounds for the POSS and HBP-ILs of lower 
Figure 7.8. Walden plot featuring the molar conductivity Λ vs the structural relaxation 
rate τs
-1 for the HBP-[COO- DMIM+]n melts. The dash-dotted line corresponds to an 
aqueous solution of LiCl, used as a reference for the ideal Walden line.  
 129 
generations—may provide a high-mobility route for mobile ions in the glassy state that 
manifests in ion dynamics that are ~ 5 orders of a magnitude faster than the segmental 
process. Conversely, it is also possible that the POSS and HBP cores, both of which possess 
hydrogen-bonding sites, may present additional “traps” that could hinder HMIm+ transport 
in the protic series, resulting in ion dynamics that are almost completely coupled to the 
segmental motions of the electrolyte. 
To summarize, a series of protic and aprotic branched ionic liquid particles with different 
IL chemistries were systematically investigated to explore how synthetically tuning the 
core structure and molecular architecture can control the resulting thermodynamic and 
ionic properties. In prior studies, the influence of the polymer architecture of larger star-
shaped PolyILs on dynamic properties was limited to molecular scale; stars with different 
arm lengths could be used to tailor the melt viscosity or to assemble thin films with an 
assortment of different morphologies, whereas the segmental and ion dynamics were 
relatively unchanged. In contrast, tuning the molecular architecture for the branched ILs 
explored here not only substantially altered the glass transition behavior but could also be 
used to enhance or weaken the coupling of the segmental motions to the ion dynamics in 
the electrolyte, depending on the IL chemistry. In particular, it was found that branched 













Figure S7.1. Plots of the BDS data used in the determination of the dynamic crossover 
in aprotic (a) and protic (b) compounds. The approximate Tx is taken as the minimum, 
which corresponds to the shift from VFT to Arrhenius temperature dependence of the 
dc ion conductivity. 
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CHAPTER 8. GENERAL CONCLUSIONS AND BROADER 
IMPACT 
8.1 Major Results and Significance 
Studies of polymerized ionic liquids have traditionally focused on the influence of 
molecular structure and ion chemistry on polymer conformations, interfacial and bulk 
assembly, morphology, phase behavior, and other physical properties. While significant 
advances in synthetic chemistry have opened up a broad library of various macromolecular 
architectures, there is a critical lack of understanding in regards to how branched 
architectures introduces an additional level of control over the polymer interactions, and 
further how these modified interactions translate to unique responsive assembly behavior 
and emergent properties in soft electrolyte materials.  
The major results presented throughout this work address this gap in knowledge by 
investigating the effect of branched polymer architecture in polyelectrolytes and PolyILs 
with various ionic chemistries in regards to: (1) the interfacial assembly at different 
interfaces in connection to the resultant stimuli-responsive morphologies and (2) the 
polymer dynamics as manifested in the thermomechanical properties and ion transport. 
Due to the complex, hierarchical relationship of the nonlinear polymer building blocks to 
their nano- and microscale organization and macroscopic properties, a broad range of 
spatial and temporal scales are considered in this approach. 
8.1.1 Part I: Stimuli-Responsive Assembly of Star Polyelectrolytes and PolyILs 
Branched polyelectrolytes are first investigated in this dissertation to examine how tuning 
the molecular architecture modifies intra- and intermolecular interactions which govern 
their self-assembly into stimuli-responsive morphologies. The star-graft block-
quarterpolymer [PSn(P2VP-b-PAA-g-PNIPAM)n] is a unique branched polyampholyte of 
particular interest because its wide range of available compositional and structural 
parameters—grafting density, arm number, block length—translate to a complex 
assortment of interactions ideal for a systematic investigation of its multiresponsive 
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microstructures. Prior studies had examined the sensitivity of SGQP solutions to pH and 
temperature and it was shown that they could be integrated into the shells of microcapsules 
which demonstrated outstanding performance for drug delivery. However there existed a 
critical gap in understanding how the individual SGQP responsive conformations 
translated to their interactions organization into multicomponent films and shells, how the 
internal structure of these organized systems was changing at the nanoscale in response to 
pH and temperature shifts, and how the organization and responsivity might be controlled 
via the synthetic parameters of the SGQPs. In the work presented here, these points are 
addressed so as to both rationalize their performance in prior applications (e.g., the 
aforementioned microcapsules) as well as to provide a fundamental understanding of 
branched polyampholytes as versatile building blocks for multifunctional polymer 
electrolytes. 
In this spirit, SGQPs with different molecular architectures and composition were 
integrated into hydrogen-bonded multilayer films and their assembled surface and internal 
morphologies were evaluated in-situ using surface probe microscopy and neutron 
reflectivity under different conditions. The block-specific swelling was found to promote 
the heterogeneous partitioning of hydrophobic and hydrophilic reservoirs within the 
interior of the swollen films, which generated unique compartmentalized morphologies 
distinct from those observed in traditional LbL assemblies. 
By subjecting the multilayers to aqueous environments with variable pH and temperature, 
the balance of amphiphilicity afforded by the SGQP architecture was determined to be the 
chief factor governing the responsive internal structures. The route to achieving the various 
hierarchical morphologies was successfully mapped out, illustrating how internal porosity 
and thermally-induced swelling could be programed via the star composition and solution 
pH. Ultimately, the nanoscale characterization employed in this study allowed for an 
assessment of the global film organization and swelling in conjunction to the 
conformational changes and aggregation of SGQPs into star-like clusters at the molecular 
scale. The results not only elucidated the interactions relevant to the responsive properties 
observed in other studies of dual responsive stars, but could also be more broadly applied 
to understanding the assembly of other complex ampholytic molecules such as proteins 
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and supramolecular nanoparticles. The study thus provides the groundwork necessary for 
designing multicompartmental polymer electrolytes films which can be dynamically 
controlled to influence localized reactions, molecular separation, targeted encapsulation 
and release, on-off switching, and ion transport. 
In contrast to multiresponsive star polymers, the assembly, morphology, and properties of 
branched PolyILs has received much less attention. This dissertation therefore provides a 
fundamental basis of knowledge in this respect by reporting on the organization and surface 
morphology of linear and star-shaped poly(VBBI+TFSI-) under different adsorption 
conditions and following various post-assembly treatments, and furthermore demonstrates 
how PolyILs with star architectures exhibit assembly behavior distinct from both that 
observed from linear PolyILs as well as traditional polyelectrolytes. In probing the surface 
tension of the poly(VBBI+TFSI-)s at the air-water interface, the limited-aggregation 
phenomena of branched polymers is found to stabilize the PolyIL monolayer under 
repeated compression and expansion, packing IL repeat units much more efficiently than 
its linear counterpart. For the first time, Langmuir-Blodgett monolayers of PolyILs are 
formed and are shown to exhibit peculiar reversible condensation into nanodroplet arrays. 
Furthermore, the PolyILs are successfully used as a building block in the layer-by-layer 
assembly of multilayer films for the first time. In contrast to traditional polyelectrolyte 
multilayers, the PolyIL films feature compartmentalized hydrophobic ions that drive a 
microstructural reorganization towards a diverse set of highly textured, porous, and 
interconnected network morphologies which depend on both the architecture of the polyIL.  
Overall, the results provide important insight into how the lower glass transition 
temperature of polymers based on bulky ionic liquids with weaker ionic interactions and 
unique miscibility behavior organize into much more dynamic or malleable assemblies 
when compared to the normal glassy polyelectrolytes that possess more strongly-attracted 
ion pairs. The work further emphasizes the significance of the counterion in driving the 
aggregation, dewetting, and pore formation in the PolyIL monolayers and multilayers—a 
feature that would otherwise be overlooked in traditional polyelectrolyte assemblies. 
Lastly, this portion provides a into how the distinct rheological behavior of linear and star 
PolyILs manifest into different surface topographies as a result to their disparate flow 
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behavior. This dissertation thus introduces the salient factors governing the organization of 
branched PolyILs and distinguishes them from those normally considered in linear 
polyelectrolyte films. Such information is necessary if polymerized ionic liquids are to 
realize the full potential of polymer viscoelasticity and assembly in the development of 
state-of-the-art ionic liquid materials for textured smart coatings, separation membranes, 
conductive films, and interconnected carbonaceous networks. 
8.1.2 Part II: Viscoelasticity and Ion Transport of Star and Hyperbranched PolyILs 
Polymerization of ions affords greater dimensional control to electrolyte materials and it 
has been shown how branched macromolecular architectures can influence the interactions 
guiding polyelectrolyte and PolyIL assembly. Yet the extent to which branching in the 
polymer backbone might also affect the polymer dynamics and the transport of ionic charge 
in PolyILs had not yet been explored. In this dissertation, the star poly(VBBI+TFSI-)s, 
which were already evaluated for their assembly into responsive surface monolayers and 
multilayers, were then  studied in regards to their viscoelastic and ion conducting properties 
over a broad range of frequencies and temperatures. 
At longer timescales, star PolyILs arms exhibited more sluggish and elastic dynamics 
compared to those found in linear chains of comparable size. That is, arm retraction was 
shown to delay the terminal relaxation of the stars in the melt and, consequently, the zero-
shear viscosity increased exponentially with the arm length. Yet at the shorter timescales, 
long-chain branching was found to have minor effects on the segmental and ion motions. 
The glass transition temperature, rates of segmental relaxation, short-range ordering of 
polymer backbones, ion disassociation, and dc conductivity were similar regardless of the 
polymer architecture and arm length. 
These results illustrate how tailoring molecular architecture on the scale of larger star arm 
lengths translates changes in the polymer viscoelasticity at commensurate timescales—
namely, the dissociation of chains from sticky ionic clusters and arm retraction which 
preclude star diffusion in the melt. However, since the PolyIL remains essentially 
unchanged at the monomer scale, differences between the samples with different branching 
architectures were comparatively muted. From a synthetic design standpoint, the results 
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are of interest because they demonstrate modification at a particular scale can selectively 
control morphology and physical properties of interest. In the case of the star PolyILs, 
tuning the arm length allows one to control the melt viscosity independently of the ionic 
conductivity. This can be of interest to the design of solar cell electrolytes, for example, 
for which processing demands require a certain viscosity or in the operation of batteries 
where the swelling associated with charging and discharging of electrodes requires an 
elastic and creep-resistant electrolyte without compromising the conductivity. 
The question then remains of how the dynamic properties might be affected when ionic 
liquids are tethered onto more highly branched soft and rigid particles, rather than long-
chain stars. In this case, the chain architecture begins to materialize on a scale comparable 
to the size of the chain segments. As such, changes on even faster timescales relevant to 
ion conductivity were anticipated. To explore this hypothesis, a similar set of dynamic 
experiments were conducted on a series of IL-tethered macromolecules consisting of both 
POSS and hyperbranched polyester cores with varying degrees of branching. 
The results revealed that changes in the branching architecture had significant effects on 
not only the glass transition, but also ion dynamics and their coupling to the segmental 
motions of the electrolyte. For one, introducing branching architecture to the ILs 
substantially increased their glass transition temperature relative to the linear chain 
counterpart—increases to branching generation generally further promoted the Tg to higher 
temperatures. The increase in Tg was of course accompanied by decreased ionic 
conductivities. 
An unexpected discovery was that the branching effect on the extent of ion/segmental 
dynamic coupling in the PolyILs is dependent on the ionic liquid chemistry used in 
functionalizing the HBPs. For compounds baring aprotic counterions, increasing the extent 
of HBP branching resulted in suppressed conductivities as samples approached the glassy 
state; conversely, it was the more branched HBPs which exhibited the higher conductivities 
at Tg when the IL counterions were protic. Controlling the ion transport in PolyILs near the 
Tg important implications towards the development of solid-state electrolytes in which it is 
desirable to have high conductivities in the glassy phase.  
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This is the first time that polymer architecture has been reported to affect the ion dynamics 
in PolyILs and the results suggest competing effects arising from the ion density from the 
terminal groups in addition to the ion interactions with the different cores—this balance is 
in turn influenced by the nature of the diffusing counterion. 
8.2 Future Trends and Suggestions 
There still remain a number of unresolved challenges which have precluded a full 
understanding of the behavior of branched polyelectrolytes and their properties. Such 
issues require attention from the community if the pressing demands of current state-of-
the-art electrolyte technologies are to be met. For one, there are many additional polymer 
architectures, such as brush and miktoarm copolymers, whose morphologies and dynamic 
properties with different ion chemistries are still unknown. And from a practical standpoint, 
the performance of many polymer electrolytes in terms of their thermorheological behavior 
and ion transport are still prohibitively poor for many applications in energy storage and 
conversion.  
There are a number of unexplored avenues, for example, in regards to tuning the assembly 
and stimuli-responsive morphologies of branched polymer electrolytes. This work 
examined exposure to shifts to pH, temperature, and various solvents. Even more dynamic 
and unprecedented structural responses may be expected from counterion exchange as the 
stimulus. For instance, the exchange of monovalent to multivalent counterions are 
especially interesting in branched polyelectrolytes due to the capacity of the latter to bridge 
multiple charged arms into a collapsed conformation in solution while producing ionic 
cross-linking sites between polymers in the melt. Such changes would lead to large shifts 
in the morphology, glass transition, viscoelasticity, among other properties. 
Moreover, because the results discussed throughout this dissertation point towards the 
importance of hydrophobic and hydrogen-bonding interactions in addition to electrostatic 
forces in the determination of molecular aggregation, multicomponent assembly, and 
responsive morphologies, future studies should focus on the exchange of ions with different 
hydrogen donor and acceptor sites, in addition to ions with variable ionicity, 
hydrophobicity, size, polarity, and so on. While this area has received cursory attention for 
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linear polyelectrolytes and for—in this work—some hyperbranched polyILs, it is believed 
that these approaches can be used to exercise a much greater degree of control over 
branched polymers in the search for more sophisticated and dynamic morphologies. Efforts 
in directing polymer assembly should focus on facilitating the organization of percolating 
phases with long-range order that permit the coordinated motion of diffusing ions on 
macroscopic length scales. 
The scope of this dissertation was focused mainly on branched polyelectrolytes as building 
blocks in relatively simple systems comprised of the polymer melt or multilayer 
assemblies. However, many of the more complex electrolytes being considered in cutting-
edge applications have many unique components whose synergistic performance result in 
outstanding properties. In particular, ionogels incorporate a fluid-like ion phase that not 
only maintains functional ionic properties, but also can plasticize the electrolyte and 
promote stimuli-responsive behavior. Phase separated morphologies between the polymer 
and ionic phases can thereby be controlled by miscibility differences as mediated, for 
example, by the temperatures or ion species present. 
Alternatively, nanoparticles with different intrinsic properties may be introduced to 
modify, for example, the dielectric constant, free volume, viscoelasticity, ion dissociation, 
and diffusion in nanocomposite polymer electrolytes. Branched polymers are an especially 
suitable component in these systems because, as discussed in the first part of this 
dissertation, their compact architectures and functional group densities increase the 
energetic drive to their physical adsorption at interfaces. 
Future studies should focus efforts on reinforcing branched polymer electrolytes using 
nanofillers with specific advantageous properties targeted for both passive and active 
effects. For instance, ferroelectric nanoparticles can be considered for tuning the dielectric 
environment and ion dissociation.  Incorporating ‘Garnet-type’ ceramics should also be 
explored due to their strong anion-withdrawing capacity, high ionic conductivity, and large 
shear moduli. Additionally, these ceramic particles provide new transport pathways 
through their bulk and modified interfacial regions. Considerable increases in macroscopic 
conductivity care therefore anticipated by self-assembling the oxide phase into an 
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interconnected, percolating network for high performance, flexible composite polymer 
electrolytes. Studies investigating the co-assembly of a ceramic conducting phase, 
however, need to emphasize the ion behavior at the inorganic-polymer interface where the 
disparate resistances of the two media can impede transport. 
In theory, there exist 1018 possible combinations in IL pairs and there are roughly 1000 and 
counting IL compounds reported in the literature. When considering the myriad of different 
polymer architectures for which these different ILs can be polymerized into—not to 
mention their copolymerization into multifunctional block copolymers—the possibilities 
are boundless. Future studies would therefore benefit from a more targeted, collaborative 
approach in which the constructure of IL databases and a machine learning can be used to 
screen for chemistries and macromolecular architectures that might be suitable for 
polymerization towards a particular application or in understanding new physical 
phenomena. In addition, molecular dynamics simulations and other computational 
approaches can serve not only to help rationalize results observed form experimental work, 
but can be used in tandem with machine learning to help identify the structural and physical 
characteristics required in a polymer electrolyte at a molecular level. Such information is 
expected to greatly accelerate the experimental efforts of the electrolyte community. 
In pursuing the ideas suggested above, investigators should keep in mind a number of 
unsettled fundamental issues which are of broader relevance to the soft matter community. 
This includes unravelling the significance of “decoupled” dynamic properties and how they 
change as disordered electrolytes are cooled into the glassy state. There is still much to 
learn regarding the interrelated effects of free volume of chain ends, inhomogenous 
segmental packing, and ion aggregation in branched polymers and densely functionalized 
nanoparticles, and further how these factors affect their local conformations, glass 
transition, viscoelasticity, and assembly in the melt and at interfaces. While the dielectric 
constant of the electrolyte is understood to influence dipole-dipole interactions, ionic 
aggregation, and counterion dissociation, more research is necessary to better understand 
which length scales the local dielectric environment is relevant in this regard—and 
furthermore whether or not the local morphology can play a role. Furthermore, although 
the work presented here demonstrates that the generality of descriptions of ion transport 
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such as the random barrier model can be applied to branched polymer electrolytes, 
researchers should continue to refine the physical description of ion transport in these 
materials to better understand ion reorganization, hopping, and conductivity in relation to 
electrolyte structure. And lastly, as the demands for electrolyte materials require 
nanostructured components and interfaces, it is increasingly important to consider how the 
organization and physical properties of branched polymers, such as the distribution of 
dynamic timescales, differs under confinement at the nanoscale as compared to in bulk 
electrolytes. 
While the field of polymer electrolytes has already been active for several decades, the 
prominence of a new classes of ionic polymers—PolyILs—and the design of increasingly 
complex polymer architectures together promise many more fruitful years of discoveries 
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